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Nitrogen Transformations
In
M.

E.

Waterlogged

Soil

TUSNEEM AND W. H. PATRICK,

Jr.^

INTRODUCTION
Nitrogen in soil undergoes many transformations. Most of these
transformations are biological processes performed by microorganisms.
The practical implications of these processes have promoted extensive
research. A voluminous literature has accumulated, but unfortunately
most of the information is limited to well-drained soils. Many of the
general principles and concepts applicable to well-drained soils cannot
be easily extrapolated to interpret the phenomenon of nitrogen transformation in waterlogged soils.

The

under waterlogged environments
and
complete suppression of nitrification in zones where oxygen is not present.
Vrhe breakdown of organic matter which leads to the release of ammospecial conditions prevailing

lead to a considerable modification of the ammonification process

nium

ions to the soil solution proceeds at a slower rate in a waterlogged
than in a well-drained soil (Tenny and Waksman, 1930), but the
inorganic nitrogen release from decomposing rice straw, at a much
wider C:N ratio, proceeds at a higher rate under waterlogged than under
optimum moisture conditions (Acharya, 1935c; Sircar et at, 1940).jThe
studies of nitrogen transformation under waterlogged conditions cited
here were made in the absence of soil. Further studies are needed to
understand the mineralization of organic nitrogen in a waterlogged soil
system. This feature of nitrogen mineralization is of great importance
for the nitrogen management of rice soils.
Under waterlogged conditions, mineralization usually does not proceed beyond the ammonium stage because oxygen is necessary to carry
the process through to nitrate. Nevertheless, ammonium nitrogen may be
nitrified to nitrate nitrogen if it is applied to the surface oxidized layer
of the soil. Nitrate nitrogen thus formed or added in the form of
fertilizer is particularly subject to loss upon entry into the underlying
reduced layer (Pearsall, 1950; Mitsui, 1954). Moisture fluctuations as a
result of flooding and draining create ideal conditions for these losses
to occur. A quantitative measurement of these losses from the applied
ammonium nitrogen and native soil nitrogen is, therefore, of utmost
importance for the proper utilization of applied nitrogen in rice soils.
The nature of organic nitrogen compounds occurring in waterlogged
soil

^Former Graduate Assistant and Professor of Soils, respectively. Senior author's
is The Ford Foundation, Lahore, West Pakistan.

present address
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poorly understood. This information is important in understanding the fate of applied nitrogen and its subsequent availability

soils

is

to the plant.

of this investigation was, therefore, to study (1) the
of nitrogen transformation with special reference to the
immobilization-mineralization relationship, (2) the nature, amount, and
relative distribution of different chemical fractions of soil nitrogen, and
sulfate in waterlogged, anaerobic (air
(3) the fate of applied ammonium
(optimum moisture) soil systems.
aerobic
and
argon),
with
replaced
Tracer techniques involving the stable isotope of nitrogen, ^^N, were

The purpose

process

employed

to trace the

path of applied nitrogen in the

soil.

REVIEW OF LITERATURE
A.
1

.

The Anaerobic Decomposition of

Soil

General Nature and Composition of

Organic Matter

Soil

Organic Matter

organic fraction of the soil consists of a vast array of simple
and complex substances. Included among the compounds are those represented by the various components of organic residues undergoing
decomposition and the metabolic by-products of microorganisms utilizing
organic residues as a source of energy. These diverse groups include

The

proteins

and

their

derivatives

(amino

acids,

amides,

amino

sugars,

nucleoproteins, and purine and pyrimidine bases); carbohydrates, their
decomposition products, and related compounds (mono- and disacchacellulose, hemicelluloses, pectins, pentosans, mannans, polyuronides, uronic acid polymers, organic acids, alcohols, hydrocarbons, and
aromatic compounds); and lignins, fats, various organic phosphorous
rides,

compounds, tannins, and their various decomposition products (Waksman, 1938; Broadbent, 1953; Kononova, 1961; and Stevenson, 1964). In
addition to the intermediate products of decomposition and secondary
products of microbial synthesis, there also exist in soil the more resistant
prod^ucts of decomposition (Kononova, 1961).
ifhe decomposition of organic matter in soil is generally carried
out by a wide group of heterotrophic microorganisms and is accomplished
in two main steps occurring simultaneously. These steps are the breakdown of freshly added organic substances and the decomposition of the
native soil organic matter or humus^' Plant and animal residues added
broken down to their basic structural units by extraenzymes produced by heterotrophs. These units are then oxidized
intracellularly by microorganisms in order to derive energy. In spite of
the dissimilarity of such compounds as polysaccharides, aromatic sub-

to soil are first

cellular

important to note that, after their initial
degradation by extracellular enzymes, the metabolic sequences taking
place in the microbial cell follow the same general pathways in the

stances,

and

proteins,\

it" is

production of energy. As a consequence of these activities, the nutrient
elements carbon, nitrogen, phosphorus, and sulfur are released in forms
available to plants. At the same time, however,' appreciable amounts
of these elements are being immobilized in the formation of new
microbial tissues or metabolic by-productsj
The nature of the flora involved in organic matter decomposition
varies with the chemical composition of the added substrates. Certain
microbial groups predominate for a short time, while others maintain
high populations for a considerably longer period. Each individual
organism is equipped with a complex of enzymes which permits it to
oxidize a fixed array of chemical compounds. If the proper substances
are present in an accessible state,

provided

the microorganism will proliferate,

can withstand the competition of other organisms
possessing similar enzymatic characteristics. The microorganisms preferthat

it

on the basic components of the added carbonaceous
substances constitute the primary flora. These are followed by a secentially proliferating

ondary

growing either on compounds produced by the primary
on the dead or living cells of the primary flora. The secondary
group of organisms possesses a different biochemical make-up from those
flora

flora or

appearing

T he

population responding to organic matter addiorganic substrates added, (b) intermediate
products formed during decomposition, and (c) protoplasm of microorpnisms active in the degradation of (a) and (b) (Alexander, 1961).
IMicrobial studies have shown that the amount and composition of
microflora are generally determined by the amount, type, and availability of organic matter.] The addition of simple sugar causes rapid
proliferation of bacteria, while starch accelerates the activity of actinomytions

initially.

thus feeds

upon

(a)

and cellulose benefits fungal development in particular (Alexander, 1961). Proteins and amino acids, such as blood meal or peptone,
stimulate spore-forming bacilli (Winogradsky, 1924; Mollenhoff et aL,
cetes,

1936). As a result of the development of mixed microflora on chemically
complex natural products, some constituents quickly disappear while
persist. The water-soluble fraction is usually the first to be
metabolized, followed by the oxidation of cellulose and hemicelluloses
at approximately equal rates. The lignins are the most resistant, and
consequently become abundant in the residual decaying organic matter
(Alexander, 1961).

others

2.

Anaerobic

Decomposition

as

Compared

with

Aerobic

De-

composition
.The anaerobic decomposition of organic matter in waterlogged soils
and can be differentiated from the
aerobic decomposition in two important aspects: first, by its much slower
rate, and second, by the nature of the end products formed.
The microbial decomposition of organic matter in a well-drained soil
is accomplished by a wide group of microorganisms.
The aerobic mode
is

a considerably modified process

7

high energy release.
of respiration in these organisms is associated with
of cell subsynthesis
and
substrate
of
decomposition
Therefore, the
forming
components
most
result,
As
a
rate.
rapid
a
at
proceed
stances
as CO2, while
disappear
quickly
matter
organic
added
the
of
bulk
the
Concomitantly, as cell
those less susceptible to microbial attack persist.
the soil nutrients.
upon
placed
synthesis proceeds, a heavy demand is

This

is

particularly true for nitrogen, except

when

highly nitrogenous

materials are added.

Anaerobic decomposition, on the other hand, is almost entirely dependent on the activities of anaerobic bacteria. Facultative anaerobes
may also assist in decomposition if nitrate nitrogen is present to act as
acceptor in their respiration. Since anaerobic bacteria
operate at a much lower energy level, they are much less efficient than
aerobic flora. Consequently, the processes of both decomposition and
resynthesis are much slower in a waterlogged soil than in a well-drained

an

electron

This is in agreement with the general observation that greater
accumulation of plant residues occurs in bog and marsh soils.
Tenny and Waksman (1930) made a comprehensive study of the
decomposition rate of various chemical constituents of a variety of plant
material under both aerobic and anaerobic conditions. Their data
showed that anaerobic decomposition was slower than aerobic decom-

soil.

position regardless of the type of plant material used.. The difference in
the rates of aerobic and anaerobic decomposition of the various plant
constituents was even more pronounced. This was true particularly in

the case of lignins and organic nitrogenous complexes. For corn stalk
rich in water-soluble substances including reducing sugars and nitrogen
compounds, a comparison of decomposition rates showed that, after 27
condidays, 20 percent of the total material was lost under anaerobic

whereas 37 percent disappeared during the same period of time
498 days, 38 percent of the total organic
matter was left in the anaerobic system as compared with only 22
percent after 405 days in the aerobic system. Even more striking
differences were observed when individual chemical constituents were
compared under both sets of conditions. Whereas the complex polysaccharides decomposed twice as fast under aerobic as under anaerobic
tions,

in the aerobic system. After

conditions during the

first

four weeks, the lignin remained resistant to

attack by microorganisms in both cases. However, when decomposition
eventually began, 21 percent of the lignin disappeared in 68 days

under aerobic conditions, whereas only 8 percent was lost in 135 days
under anaerobic conditions. Even after a period of nearly a year and a
the most
half, less than one-third of the lignin disappeared under
favorable temperature conditions of anaerobic decomposition.
Relatively slower rates of decomposition were observed under both
aerobic and anaerobic conditions in the case of rye straw, with its
lower content of soluble carbohydrates and higher lignin content. About
percent of the rye straw decomposed in 66 days and 29 percent

m

17

143 days in the aerobic system, whereas under anaerobic conditions 7
8

and 22 percent were decomposed

in 84 and 163 days, respectively. The
three principal chemical constituents, cellulose, hemicellulose, and lignin,

were also found to have decomposed much more slowly under anaerobic
than aerobic conditions.
The difference in the rate and nature of decomposition of natural
plant substances under the two sets of conditions was even more
marked in the case of oak leaves. When the material was properly
aerated, 42 percent of the total organic matter was decomposed in 286
days, whereas anaerobic loss was only about one-fourth of this amount.
The lignin in the oak leaves did not decompose at all under the
anaerobic conditions, while hemicellulose decomposed extremely slowly.
A similar decomposition pattern was noted for alfalfa in spite of its
relatively high nitrogen content. This indicated that even a high nitrogen
content did not cause rapid decomposition under anaerobic conditions.
This was true not only for the total plant material but also for the
individual plant constituents.
It is noteworthy that|^accumulation of proteins was greater under
anaerobic conditions than under aerobic conditions in all cases. This

may have been due to the more economic use of nitrogen, to the
smaller loss of ammonia, or to the lesser decomposition of synthesized
protein in the anaerobic system.
'/

Acharya (1935a, 1935b) demonstrated that the decomposition of
rice straw was most rapid in aerobic environments, slower under waterlogged conditions, and least pronounced under complete anaerobiasis.i
This was equally true for the decay of major plant constituents. Further,
Acharya stressed the low nitrogen demands of the anaerobic metabolism.
Sircar et al (1940) further confirmed the findings of Waksman and
Tenny (1930), and Acharya (1935a, 1935b) regarding microbiological
decomposition of plant materials.^ Alexander (1961) emphasized the
slow rate of organic matter breakdown and resynthesis under total
anaerobiasis as opposed to an environment with adequate supply of
oxygen. The waterlogged soils were intermediate between the two extremes.. He attributed these differences to the low energy yield of
anaerobic fermentation.
The second and the most striking difference in the decomposition
of organic matter under waterlogged and well-drained soil conditions
lies in the nature of the end products formed. In a well-drained soil,
the main end products of decomposition are carbon dioxide, nitrate,

and resistant residues. The waterlogged soil, on the other
generally characterized by the formation of chiefly carbon dioxide, methane, hydrogen, organic acids, ammonia, amines, mercaptans,

sulfate, water,

hand,

is

hydrogen

sulfide,

and

resistant residues.

The

metabolic degradation of carbohydrate is probably the same
under both aerobic and anaerobic conditions until the formation of
pyruvic acid as the final end product of glycolysis. In an aerated soil,
pyruvic acid enters the Krebs cycle. This is a common channel not only
for the oxidation of the products of glycolysis but also for the ultimate
9

of many amino
oxidation of the fatty acids and the carbon skeleton
acids to
carboxylic
these
of
all
convert
acids. The cycle functions to
mediathe
through
oxygen
molecular
of
CO2 and H2O in the presence
soil, marked by the virtual
waterlogged
a
In
oxidases.
tion of terminal
suppressed, resulting in
absence of oxygen, the terminal oxidation is
reduced nicotinamide-adenine
the accumulation of pyruvic acid and
The pyruvic acid in turn undergoes various
dinucleotide [NADH]
presenting a common
transformations not specific to any organism, but
feature of anaerobic fermentation.
undergo are as follows:
Some of the typical reactions pyruvic acid may
.

(i)

(ii)

Reduction to

lactic acid

by reduced

CH3COCOOH + NADH +
Decarboxylation

acetaldehyde

to

NAD:

CH3CHOHCOOH + NAD

and subsequent reduction

to

ethyl alcohol:

CHsCOCOOH^ CH3CHO + CO2
CH3CH2OH +NAD
CH3CHO + NADH + H+

comes in so that any further
the activities of specific
transformation may be carried out through
is probably involved in
bacteria. For example. Bacillus fossicularum
lactic acid (Ponnamperuma, 1955):
the formation of butyric acid from
It

is

at

this

stage

that

the specificity

CH3CH2CH2COOH + 2CO2 +

2CH3CHOHCOOH
Clostridium butyricum

2H2

to
be responsible for changing pyruvic acid

may

butyric acid (Barnett, 1954):

^^^u j_
r^r* ^ H2
+w
+ CO2
CH3COCOOH -> CH3CH2CH2COOH + CH3COOHaccumulation

favor the
fermentation characteristics of microflora
counterpart
soil, as well as in its
of organic acids. In waterlogged
and formic
acid
acetic
usually
well-drained soil, the dominant acids are
demonstrated
(1929)
Subrahmanyan
acid (Takai and Koyama, 1956).
and butyric acids in the solution
the presence of lactic acid, acetic,
Further, he noted that
decompose.
to
allowed
phase when glucose was
fermentation that
was the first major product of anaerobic

The

lactic acid

was subsequently transferred

to acetic

and butyric

acids.

in oxygen
A variety of reactions lead to the formation of methane in mixed
has been characterized
depleted environments. This process
The following reactions are
culture.
pure
in
frequently
population and

typical (Alexander, 1961):

CH4 + 2H2O
CH4 + 3CO2 + 2H2O
^ CH4 + CO2
-> 2CH3COOH + CH4

CO2 + 4H2

4HCOOH
CH3COOH
2CH3CH2OH + CO2
4CH3CH2COOH + 2H2O
Most of

these

reactions

are

^ 4CH3COOH

specific.

+ CO2 + 3CH4

Methanobacillus omeliansk II

is

ethanol, and primary
probably specific for the conversion of hydrogen,
propwnicum
Methanobacterium
methane.
and secondary alcohols to
1956).
(Baker,
methane
to
changes propionic acid
10

Harrison (1920) suggested that hydrogen evolution in waterlogged
is inconsequential solely because the gas reacts with CO2 to yield
methane, a reaction which supplies the bacteria both energy and source

soils

of carbon.

A number

for the reduction of

of bacteria have been isolated which can utilize
(Alexander, 1961).

H2

CO2

According to Russell (1961), this reaction is of great importance for
the oxygen regime of rice roots, because it not only reduces the CO2
content in that zone but also removes H2 in a way that makes a much
lower demand on the oxygen in the soil-water than would be made by
hydrogen-oxidizing bacteria, as suggested by Harrison and Aiyer (1916).

Research
(1920),

by Harrison and Aiyer (1913, 1915, 1916), Harrison
and Aiyer (1920) explained the transformation of CH4, CO2,

and H2 in swamp rice soils. They observed that the principal gas
produced following the addition of green manure to waterlogged soil
was methane, with only small amounts of CO2, H2, and perhaps
nitrogen. But the gas that was evolved at the surface was almost entirely
oxygen and nitrogen. They attributed this to the film of microorganisms,
which at the surface contained bacteria, algae, and diatoms. The
bacteria oxidized hydrogen and methane to water and CO2, respectively.
The latter in turn was fixed photosynthetically by algae with the
liberation of oxygen. They implied that green manuring stimulated the
growth of rice through the increased oxygen content of the water

downward through the surface soil. An alternate implication
perhaps of more economic significance may be possible. The increased
oxygen content at the surface may induce oxidation of surface applied
percolating

ammonium
thus formed

fertilizer,

resulting in the formation of nitrates.

may move down

into the anaerobic zone

The

nitrate

and subsequently

be denitrified.

Acharya (1935a, 1935b, 1935c) examined in detail the course of
/
anaerobic decomposition of rice straw under waterlogged conditions, as
compared with the aerobic decomposition. In one set of experiments,
he demonstrated that apparently decomposition proceeded in two distinct phases. The first phase resulted in the rapid formation of organic
acids, and the second phase transformed these acids into gaseous
products.
at a

The

maximum

were acetic

was more sensitive to pH and progressed
about pH 7.5. The products of decomposition
butyric acid, CO2, CH4, and trace amounts of H2.

latter process

rate at

acid,

In the presence of neutralizing agents, over 20 liters of gas containing
about 50 percent methane were obtained from the decomposition of
100 grams of straw. In subsequent studies on the composition of gaseous
products, Acharya noted that the strictness of anaerobic conditions
caused the amount of methane given off to increase, while CO2
decreased and hydrogen first increased and then decreased. He also
pointed out that maximum decomposition occurred at 30° C to 35 ° C
at pH 8.0. Beyond this range, there was an accumulation of acids,
gas formation was suppressed.

11

and

Another

essential

feature of these studies was

that

the supply of

decomposiwas relatively insignificant in anaerobic decomposition.
Yamane and Sato (1961) studied the decomposition of glucose,
sucrose, starch, cellulose, gelatine, pectic acid, and lignin. Immediate
evolution of hydrogen was observed where the soluble sugars were
added. It was then followed by the formation of methane after the
reabsorption of hydrogen by the soil. The hydrogen did not persist
more than one day. In about two weeks large amounts of CO2 and
CH4 were evolved from all but the lignin treatment. In the temperature
range 15° to 60° C, the maximum production of gases was observed
at 40° C. Below or above this temperature, the formation of gases
nitrogen was of paramount importance

available

tion, while

for aerobic

it

was greatly suppressed.
the foregoing studies, it can be safely concluded that organic
acids rather than sugars constitute the basic substrate for the bacterial

From

produce CH4. The anaerobic carbon breakdown must,
by the formation of organic acids, CH4, and
characterized
be
therefore,
that

species

CO2

as the major end products.
Regarding the decomposition of protein in a waterlogged soil, it
may be said that the final end products are usually ammonia, carboxylic
acids, amines, mercaptans, and hydrogen sulfide. The metabolic pathway
of protein breakdown is probably the same under both waterlogged
and well-drained soils until the formation of amino acids occurs. Under
aerobic environments, the process of deamination takes place and the
carboxylic acids thus formed are channelled into the Krebs cycle. The
ammonia is either held on colloidal particles in exchangeable or nonexchangeable form or is oxidized to nitrate through the activities of
nitrifiers. Under anaerobic conditions, on the other hand, the products
of deamination and of subsequent decarboxylation may accumulate or

be transformed into gaseous products.

B.

Nitrogen Transformation

1

Forms and Distribution of

.

A

large

proportion of

bound nitrogen and only

in Soils

Soil

soil

Nitrogen

nitrogen

a small

is

represented by organically
in the inorganic frac-

amount appears

inorganic fraction, however, which is the immediate
source of plant-available nitrogen. Organic nitrogen forms the potential
reserve of nitrogen for the nutrition of plants but is available to plants
only after it has been converted to the inorganic form.
tion.

a.

It

is

this

Inorganic Nitrogen

inorganic nitrogen in the soil constitutes only a small fraction
of total soil nitrogen. It is present chiefly as ammonium and nitrate
nitrogen. Nitrite may also be present as an intermediate product of
nitrification, denitrification, and nitrate reduction. The amount present

The

12

normal

in

soils,

however,

neutral or alkaline

ammonium

soils,

(Martin

and Buehrer,

is

et al,

may accumulate

generally negligible but

particularly
1943;

when

Chapman

in

with high rates of
and Liebig, 1952; Duisberg

fertilized

Accumulation of nitrite may also
which have been treated with anhydrous ammonia
(Nommik and Nilsson, 1963) or with urea (Soulides and Clark, 1958;
Clark et al, 1960; Stephen and Waid, 1963). Hauck and Stephenson
(1965) associated the nitrite accumulation with large granule size,
low soil buffer capacity, an alkaline pH of the immediate granule
environment, and heavy amounts of nitrogen application. The accumulation of nitrite in soil is probably due to the inhibiting effect of
ammonium on the oxidation of nitrite to nitrate by Nitrobacter species
(Broadbent et al, 1957; Aleem and Alexander, 1960). Several other
occur in acid

1954;

Fuller,

1963).

soils

forms of inorganic nitrogen, such as hydroxylamine, hyponitrous acid,
as intermediates in the microbial processes
leading to nitrification, nitrogen fixation, and denitrification. These compounds are chemically unstable, and hence are not detected during the

and nitramide, may occur

course of analysis.

Most of the inorganic nitrogen present in the soil is water soluble
or adsorbed on the exchange complex. Approximately 5 percent of the
ammonium nitrogen in surface soils may be fixed in the lattice of silicate
minerals in non-exchangeable form (Barshad, 1951; Allison et al, 1953;
Nommik, 1957; Stojanovic and Broadbent, 1960). The magnitude of
ammonium fixation may be 30 percent or more in certain subsoils. The
inorganic nitrogen constitutes a very dynamic system and undergoes
rapid changes in its form and amount. Incorporation into microbial
cell

substance, immobilization in

volatilization,
fast

processes.

humus, absorption by plant, loss by
and absorption reactions in the crystal lattice are rather

On

the other hand, inorganic nitrogen

formed by the mineralization of the organic
tions

is

continuously

These fluctuasuggest that the amount of inorganic nitrogen determined at any
fraction.

one time may not represent the capacity of the

soil

to

supply the

inorganic nitrogen over a period of time.

The

inorganic nitrogen regime in waterlogged soils is essentially
by the accumulation of ammonia and the absence of
nitrates. This occurs because the mineralization of organic nitrogen does
not proceed beyond the ammonium stage in the absence of oxygen, since

characterized

is necessary for microbial conversion of ammonia to nitrate. As
pointed out later in this report, however, special conditions can
exist under which nitrates can be formed in waterlogged soils. The
nitrates present in the soil before waterlogging may be removed by
leaching, denitrification, and plant uptake. It is possible that some of
the nitrate could be reduced to ammonia, but the amount reduced is

oxygen

will be

very insignificant (De and Sarkar, 1936; Broadbent and Stojanovic, 1952;

Wijler and Delwiche, 1954).
The presence of nitrite in waterlogged soil has been indicated
(Janssen and Metzgar, 1928), but the amounts reported are invariably
13

The

low.

levels of nitrite in

with nitrate, generally lie
Metzgar, 1928; Kapp, 1932;

waterlogged soils, including those fertilized
in the range 0 to 3 ppm (Janssen and

De and

Sarkar,

1936;

Reed and

Sturgis,

1937).

Ammonium nitrogen, which constitutes almost completely the inorganic pool of nitrogen in waterlogged soils, undergoes the same reacexception
tions in waterlogged soils as in well-drained soils, with the
taken up
be
It
can
of nitrification, which is usually severely restricted.
absorbed on the clay crystal
conditions. The degree
alkaline
under
lattice, and
bringing about
conditions
the
on
depend
reactions
and rate of these
by plants, immobilized into

cell substances,

volatilized into the air

the transformation.
b.

Organic Nitrogen

nature of nitrogen-containing organic compounds occurring in
fractionation and
soil is not well understood. Analytical difficulties in
and abunnature
the
determination have greatly hindered research on
informaNevertheless,
soils.
in
dance of organic nitrogen compounds
adds
to our
which
obtained
been
has
tion concerning these compounds
pool
organic
the
within
transformation
nitrogen
the
understanding of
techniques
fractionation
of
usefulness
The
plants.
to
availability
and its
distribution of organic nitrogen
is further realized in studies of the

The

compounds

in the soil profile (Stevenson, 1957;

Sowden, 1958; Bremner,

1958).

used for fractionation of organic nitrogen in soils have
been based largely on studies involving identification and estimation of
acids.
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Stewart et al, 1963). Recently,
characterizing organic nitrogen substances have been developed which
permit both determination and istope-ratio analysis of total N, ammonium N, hexosamine N, serine + threonine N, hydroxy amino acid N,
and amino acid N in soil hydrolyzate (Bremner, 1965c).
The subject of distribution of nitrogen compounds in soil has often
been reviewed (Tyurin, 1937; Waksman, 1938; Kojima, 1947; Ensminger
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Current information on the amount of
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total

organic nitrogen in

soils

indicates that well above 90 percent of the total nitrogen in most surface
is organically bound.
It is, however, different in certain subsoils
where about 30 to 40 percent of total nitrogen may be present as fixed
soils

ammonium (Bremner, 1965d).
The hydrolysis studies by Kojima

(1947), Bremner (1949a), StevenSowden (1956), Young and Mortensen (1958), and
Kenney and Bremner (1964) have shown that 20 to 40 percent of the
total nitrogen in most surface soils is represented by bound amino acid
fraction. The amount of amino acids decreases with the depth in the
profile (Stevenson, 1957c; Bremner, 1958b, 1959) and is affected by the
cropping system, fertilization, and cultivation (Rendig, 1951; Stevenson,
1956b; Young and Mortensen, 1958; Porter et a I., 1964; Kenney and
Bremner, 1964). The composition of amino acids in the amino N
fraction of acid hydrolyzate shows the presence of several amino acids
of the aliphatic and aromatic groups, some sulfur-containing amino
acids, and heterocyclic amino acids (Bremner, 1965d).

son (1954,

1956),

Present information indicates that a considerable portion (15-25
percent) of soil nitrogen is released as ammonium by acid hydrolysis
of surface soils (Bremner, 1949a; Cheng and Kurtz, 1963; Stewart et al.,
1963; Kenney and Bremner, 1964). The amount of ammonium released

by hydrolysis in 6 .V HCl increases with time of hydrolysis (Bremner,
1949a). Speculation has been made as to the origin of this fraction.
There is some evidence that at least part of it comes from hydrolysis
of amides (Sowden, 1958), and perhaps some comes from the decom-

amino acids and amino sugars. It also seems likely
formed by the deamination of other amino compounds
occurring in the soil (Bremner, 1949a; Bremner and Shaw, 1954).
About 5-10 percent of the soil nitrogen in most surface soils is
represented by amino sugar nitrogen in the form of hexosamines
(Bremner and Shaw, 1954; Stevenson, 1957; Singh and Singh, 1960;
Bremner and Kenney, 1964; Cheng and Kurtz, 1963). In several soils
the proportion of hexosamines increased with the depth of the profile,
reaching a maximum in the B horizon (Stevenson, 1957; Cheng and
Kurtz, 1963; and Stevenson and Braids, 1968). No free amino sugars
have been detected. The amino sugar N in soil appears largely in the
combined form of high molecular weight substances. The nature of
position of hydroxy
that

some

is

these substances is still obscure. Bremner (1955) detected both glucosamines and galactosamines in acid hydrolyzate of humic acid preparations
and showed that from 3 to 10 percent of the nitrogen in these preparations was hexosamine N. Stevenson (1960) and
Waldron and Mortensen
(1961) further confirmed the presence of hexosamines in hydrolyzate.
The evidence as to the occurrence and amount of purine and
pyrimidine derivatives indicates that these bases do not account for
more than 1 percent of the surface soil nitrogen (Adams et al, 1954;
Anderson, 1961). Several other forms of organic nitrogen in the soil
nitrogen pool have been identified but the amounts detected are
insignificant

(Waksman,

1938).
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between inorganic N and amino acid N. Similar conclusions were drawn
by Cheng and Kurtz (1963) on three lysimeter soils previously fertilized
with i^N-enriched nitrogen and cropped to corn for two consecutive
years. About 65 percent of the added nitrogen was recovered as amino
acid components and slightly over 10 percent was detected in amino
sugars. These two fractions together with the hydrolyzed ammonium
fraction contained over 90 percent of the added fertilizer nitrogen in
the soil. Very small amounts, usually 5-10 percent, went into soluble
and insoluble humin N fractions. The fixation of added ammonium was
insignificant (0-1 ppm).
Again, the information on the distribution of added nitrogen into
the soil organic pool of nitrogen under waterlogged conditions is scanty.

The soil microbiology group at IRRI (1965) studied the fate of applied
nitrogen in submerged soils in order to investigate the movement of
inorganic nitrogen into the organic fractions of soil nitrogen and its
subsequent release. The most important organic nitrogen fractions in
terms of immobilization were the hydrolyzed ammonium fraction, amino
acid fraction,

and amino

sugars. Nitrogen entering the exchangeable
following submergence was largely derived from
hydrolyzed ammonium, amino acid, and amino sugar fractions. An
important feature emerging from this study was the fact that a considerable portion of applied nitrogen was not accounted for in any of
the fractions isolated. Losses of this nitrogen through nitrification and

ammonium

fraction

subsequent denitrification were speculated.

These

results indicate that the added nitrogen undergoes more or
similar changes, in so far as its distribution into various organic
fractions is concerned, under both waterlogged and well-drained condiless

except that some of the applied nitrogen in waterlogged
probably lost through denitrification.

tions,

3.

soils is

Mineralization and Immobilization of Nitrogen
a.

General Concept

Of the various changes nitrogen can undergo in soil, the mineralization-immobilization cycle is the continuous one, but the two individual
steps often achieve opposite goals. The mineralization process
results in
the transformation of organic nitrogen to the inorganic form
of
ammonium N or ammonia. It is carried out by the activities of general
purpose heterotrophs which utilize nitrogenous organic compounds as
their energy source. The immobilization process, on the
other hand,
transforms the inorganic nitrogen (ammonium, nitrite, nitrate)
into
organic compounds. The inorganic nitrogen is assimilated by
microorganisms and metabolized into nitrogenous constituents of their cells.
In general, mineralization is always accompanied by
immobilization;
the two processes tend to counteract each other so far as the
production
of inorganic N is concerned (Jansson, 1963).
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percent carbon, for each 100 grams of organic matter undergoing
decomposition, 0.2 to 0.5, 0.5 to 1.0, 1.5 to 2.0, and 1.5 to 3.0 grams of
nitrogen are needed by anaerobic bacteria, aerobic bacteria, fungi, and
actinomycetes, respectively. These theoretical deductions, based almost
entirely on the considerations of microbial nutrition, clearly define the
role of microbial type in determining the extent of nitrogen immobilization and the consequent rate of inorganic nitrogen release. From the
preceding example it is evident that immobilization is greatest for
actinomycetes and least for anaerobic bacteria.

The importance

of

C:N

ratio in the

realm of nitrogen immobiliza-

tion-mineralization can be realized in two important respects. First, the
C:N ratio reflects the immobilization-mineralization pattern of nitrogen.

\Vider ratios stimulate immobilization, while the narrower ratios favor
C:N ratio is important because during the
decomposition of plant material, carbonaceous substances furnish the
energ)' source of microbes and nitrogen is assimilated and metabolized as
mineralization. Second, the

in the synthesis of cell substances. However, due to certain
involved in the determination of the C:N ratio, the use of
nitrogen percentage is sometimes preferred as an index of nitrogen
immobilization (Bartholomew, 1965).
Other useful indices have been introduced to express the extent of
immobilization or nitrogen deficit following the addition of wide C:N
ratio plant material. Hutchinson and Richards (1921) and Rege (1927)
used the term "nitrogen factor" to express the nitrogen needs of plant
material undergoing decomposition. It was defined as the number of
grams of additional nitrogen needed in the decomposition of 100 grams
of original plant material. Another useful index, "nitrogen equivalent,"
suggested by Richards and Norman (1931), was defined as the number of grams of nitrogen immobilized per 100 grams of material
fermented.
The foregoing paragraphs summarize some of the essential features
of the nitrogen immobilization-mineralization process. No detailed discussion of the subject under well-drained conditions will be included
since several comprehensive reviews on this aspect of nitrogen transformation have been published (Harmsen and van Schreven, 1955; Dubber,
1955; Winsor, 1958; Jansson, 1958, 1963; Bartholomew, 1965; Drouineau, 1965; Allison, 1966).

protein

errors

Recent developments in the understanding of the nitrogen immobilization-mineralization process in soil may be attributed to the
rather general adoption of ^^N-tracer techniques. Tracer studies permit
both identification and quantification of components of the inorganic and
organic soil nitrogen systems. Among the numerous studies on the

and mineralizaBartholomew
and Hiltbold, 1952; Kirkham and Bartholomew, 1954, 1955; Wallace
and Smith, 1954; Jansson, 1955, 1956, 1958, 1963; Stojanovic and Broadbent, 1956; Walunjkar et al, 1959; Broadbent and Tyler, 1962; Broadtracer investigation of various aspects of immobilization

tion in soil the following are typical: Hiltbold et al, 1951;
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Broadbent, 1964;
1965; Stewart et aL, 1963; Overrein and
and Van Den
1965;
Report,
Annual
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have
studies
these
on
Hende, 1966. Excellent reviews
bent,

1956,

published by Jansson (1958) and Allison (1966).
In contrast to the information available for nonflooded soils, the
information on the nitrogen immobilization-mineralization process in
waterlogged soils is meager and scattered. Recent reviews by Bartholomew
(1965) and Patrick and Mahapatra (1968) reflect the lack of information. It is therefore intended to review the subject of nitrogen mineralization-immobilization in waterlogged soils as extensively as the limited
data available will permit. A brief reference to normal well-drained soils
will be made wherever necessary for comparison purposes.
Nitrogen Mineralization

b.

in

Waterlogged

Soils

condition prevailing in waterlogged soils leads to a
considerable modification of the ammonification process and complete
suppression of nitrification in soil zones which are devoid of oxygen.
The breakdown of organic matter which leads to the liberation of
ammonium ions into the solution phase proceeds at a much slower rate
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(number of grams of additional nitrogen required to decompose
100 giams of material), and the nitrogen equivalent (number of grams
of nitrogen immobilized during the decomposition of 100 grams of
material) were highest under aerobic conditions and lowest under
factor

anaerobic conditions. Conversely, the net release of inorganic nitrogen
to the solution phase was highest in anaerobic and least in aerobic
systems. Quantitatively, the nitrogen released to the aqueous extract
by rice straw decomposing under anaerobic conditions was about 5 to 6
times higher than that released under aerobic conditions. The waterlogged
treatment stood in between these two extremes. Sircar et al. (1940)
presented similar evidence and reported that inorganic nitrogen release
from decomposing rice straw occurred at a higher C:N ratio under
anaerobic conditions. Further, they noted that a minimum nitrogen
concentration of 1.7 to 1.9 percent was necessary for the aerobic release
of nitrogen from decomposing rice straw, whereas only 0.45 to 0.50
percent was sufficient under anaerobic conditions.

From a field study in California on the decomposition of rice straw
under flooded condition, Williams and co-workers (1968) concluded
that the nitrogen requirements for the decomposition of rice straw in
flooded soils was one-third (0.54 vs 1.5 percent) the average concentration of nitrogen required for aerobic decomposition of plant residues.
From laboratory and field experiments Joachim and Kandiah (1929)
concluded that the incorporation of green manure in puddled state
leads to the formation of large quantities of

ammonium.

(1954) showed the marked influence of C:N
inorganic nitrogen release. The accumulation

iMitsui

rate

of

ratio

on the

of inorganic

nitrogen followed the general order of C:N ratio under both flooded
and non-flooded conditions. The soybean cake meal with narrowest C:N
ratio (5.3:1) accumulated the largest amounts of inorganic nitrogen,
whereas the peak value for materials with wider C:N ratio was delayed
progressively as

C:N

ratio increased. Further, at wider

there was a relatively

more rapid

release of inorganic

C:N

N

ratio (16:1)

under flooded

than under non-flooded conditions, particularly during the first three
months of incubation. Mitsui attributed this to the fact that anaerobic
microbes predominate under waterlogged conditions and these microbes
consume less nitrogen as microbical cell constituent than the aerobic
microbes.

De Geus

attributed

to added organic
anaerobic decomposition.
Bhuyiyan (1949), and Lopez and Galvez (1958) reported that flooding
increased the quantity of ammonium in soil solution to a maximum
level, after which no appreciable change occurred.

(1954)

matter to the ready release of

the response of rice

ammonium from

Patrick and Wyatt (1964) found a considerably higher rate of inorganic
nitrogen release
waterlogged soils than in well-drained soils. In a

m

number

of soils Waring and Bremner (1964) observed a more rapid
rate of net mineralization under waterlogged than under aerobic conditions. Quantitatively, they showed that in a two-week period, for every
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produced aerobically, 1.23 ppm of ammonium N
were produced during incubation under waterlogged conditions.
Another feature of anaerobic mineralization is its sensitivity to pH.
1
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The phenomenon

of denitrification under waterlogged conditions
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avoid needless
so well studied that any review of the subject can hardly
aspects of
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repetition. This review will, therefore, discuss
in
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oxidized
surface
to
applied
fertilizer
ammonium
soils under which
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reduced layer,
first nitrified, moves down into the underlying
to N2 or N2O.
denitrification
through
reduced
subsequently
then
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For better understanding of this reaction it is essential to consider the
profile description of a typical paddy soil.
The profile differentiation in a waterlogged paddy soil is characterized
depth
by two distinct layers: (1) a surface oxidized layer, generally to a
soil-water
the
at
present
so,
or
centimeter
a
to
of a few millimeters
an underlying reduced layer (Pearsall and Mortimer,
interface, and
layer

is

is

(2)

1939;

Pearsall,

1950;

Mitsui,

1954;

Alberda,

1953).

The

surface layer

live aerobically.

corresponds to an oxidized zone where microorganisms
Below this zone is the reduced layer constituting the main part of the
furrow slice where microorganisms liye anaerobically. In the rhizosphere
the soil
of rice roots, however, the conditions -are altered again and
is distinctly oxidized and,
roots
rice
the
to
proximity
close
in
zone
oxidized layer
therefore, constitutes a condition similar to the surface
(Mitsui, 1954).

The importance of this profile differentiation in the studies of
nitrogen transformation in waterlogged soils was perhaps first realized
in Japan. Shioiri and Mitsui (1935) observed considerable losses of
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nitrogen from applied ammonium sulfate as the period of incubation
proceeded. The losses were apparently too great to be accounted for by
direct volatilization or by other possible ways of nitrogen loss known at
that time. Further experimentation to determine the effect of stirring
on ammonia accumulation under waterlogged conditions led Mitsui to
believe that, even imder waterlogged conditions, ammonium may be
nitrified to nitrate if it is applied to the flooded soil surface. Nitrate
thus formed moves down into the anaerobic zone by percolation or by
diffusion, and is subsequently denitrified biologically and possibly
chemically to gaseous nitrogen. This process was subsequently confirmed by Pearsall (1950), Shioiri and Tanada (1954), and Mitsui (1954).
Studies conducted in various parts of the world indicate that these
losses of nitrogen through nitrification and subsequent denitrification
largely account for the low recovery of ammoniacal fertilizers by rice in
waterlogged soils (IAEA, 1966). Abichandani and Patnaik (1955) estimated these losses to be 20 to 40 percent in India, while losses of 30
to 50 percent of applied nitrogen were reported from Japan (Mitsui,
1954). Other reports indicate the utilization of ammonium sulfate as low
as 40 percent (Basak et al., 1957; De and Digar, 1955; and Yamane,
1957). According to Amer (1960), the recovery of applied ammonium
sulfate decreased with increased fertilizer levels. Nelson and Hauck
(1965) indicated that even under the best conditions losses of about
10 to 20 percent are unavoidable.
Shioiri and Mitsui (1935) observed considerable losses of nitrogen in
their mineralization study of organic matter under flooded conditions.
The losses were more severe in case of soybean cake meal (C:N 5.3:1)
than Spirogyra (C:N 20.1:1). Mitsui and Ota (1950), in a tracer study
of nitrogen transformation, observed more losses of applied ammonium
when the latter was applied to air-dried soil and then flooded than
when the application was made directly to undried soil. Takijima (1959)
reported the losses of nitrogen during incubation under flooded conditions in the following order of magnitude: urea, nitrate, ammonium.
The cause of loss of nitrogen from urea was presumably volatilization
by alkaline reaction of the soil, while the nitrate and ammonium
were lost mainly through denitrification. Some of the nitrogen lost from
urea was probably lost through denitrification after first being converted
to ammonium and then to nitrate.
Subbiah and Bajoj (1962), while developing a soil test procedure
for available nitrogen in waterlogged soils, indicated the possibility of
nitrogen loss through nitrification and subsequent denitrification after
about two weeks of incubation. Greenland (1962) reported that
nitrification and denitrification could proceed simultaneously in a wet
soil, possibly due to the presence of aerobic and anaerobic microzones.
Patnaik (1965), in a tracer study of nitrogen transformation in waterlogged soils, could not account for 23-24 percent of the applied nitrogen
at the end of incubation. He attributed this loss of nitrogen to the
oxidation of ammonium to nitrate in the surface layer of soil with
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junction with high pH, high temperature, and
volatilization (Willis
capacity would be ideal conditions for ammonia
and lUite
montmoriUonite
and Sturgis, 1944), while the presence of
form
non-exchangeable
into
leads to chemical fixation of ammonium
Datta
De
1959;
Dhariwal,
and
(Allison and Roller, 1955; Stevenson
a/.,

1968).

^

ideal environment
Alternate wetting and drying conditions create an
the dry period is rapidly
during
formed
Nitrate
denitrification.
for
soil is reflooded. Russell and
lost through denitrification when the
the importance of
Richards (1917) were perhaps the first to recognize
loss of nitrogen.
the
on
conditions
alternate aerobic and anaerobic
manure occurred
farmyard
from
nitrogen
They observed that losses of
no loss
conditions;
anaerobic
and
aerobic
only under fluctuating
constant
either under
occurred when the material was maintained
They postulated that
conditions.
anaerobic
constant
under
or
aerobic
denitrified at
subsequently
nitrate formed during aerobic conditions was
^

the onset of anaerobic conditions.
possibility of more total
Wijler and Delwiche (1954) indicated the
conditions than
anaerobic
and
aerobic
fluctuating
nitrogen loss under
conditions. Greenland (1962) pointed out that

under

strict

nitrification

due

to

anaerobic

and

possibly
denitrification could proceed simultaneously,
soil.
wet
a
in
spots
of aerobic and anaerobic

a micromosaic

large fluctuations in
Russell (1961) attributed the nitrogen loss to the
formed during the
is
nitrate
which
in
the oxygen status of some soils
period.
anaerobic
the
during
aerobic period and reduced
of nitrogen, up to
Patrick and Wyatt (1964) observed large losses
acre, as a result of
about 20 percent of total N or 400 pounds per
a major portion
that
cycles. They noted
several drying

and submergence

two or three cycles. Frequency ot
total nitrogen loss and the rate
the
submergence and drying affected

of this loss occurred during the

first
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of nitrate reduction in subsequent cycles. The disappearance
of nitrogen
was very rapid during the first submergence period but decreased
subsequently as the number of cycles progressed. Further, they

observed

that the addition of ground rice straw to the soil increased
the rate
of nitrate reduction, even though the soil had already been
through
several submergence and drying cycles.

MATERIALS
A.

AND METHODS

Soils

The

soil

used for this study was Crowley silt loam, collected at two
from the Rice Experiment Station, Crowley, Louisiana.

different times

The Crowley
sampled
sieve.

silt

loam No.

used

in

the

first

experiment was

The

soil

had

a

and sieved through a 40-mesh
carbon content of 1.02 per cent and a total nitrogen

content of 770 ppm, with 6.0

The C:N

1

in early spring 1967, air dried

ratio

was

13:1.

ppm

The

soil

in the

ammonium +

had

pH

a

of 5.8 in

nitrate form.
1:1

soil-water

suspension.

The Crowley silt loam No. 2 used in the tracer experiments was
collected in February 1968. The soil had a
of 5.7 (1:1 soil-water
suspension), 1.10 percent carbon, and 840 ppm total nitrogen, of
which
15.0 ppm was in the ammonium
nitrate form. The C:N ratio was 13:1.

pH

+

B.

Plant Material

1. Finely ground rice straw was used in this study.
The material had
48 percent carbon and 0.52 percent nitrogen and the resulting C:N ratio

was

^

92:1.

2. White clover hay was ground to a fine form and used in
this study
alone or in combination with rice straw to give various C:N
ratios.
The material contained 45 percent carbon and 3.07 percent nitrogen,
giving a C:N ratio of 15:1.

C.

Nitrogen Source

In all experiments dealing with tracer study, i^N.^^gged
nitrogen
was introduced into the soil system in the form of (i5NH4)2S04.
The
material contained 10.2276 atom-percent

D.
1.

excess.

Description of Experiments

Mineralization

Material

of

of Various

Organic

C:N

Nitrogen

Ratios

in

Soil

from

Plant

Decomposing under Water-

logged and Optimum Moisture Conditions
This experiment was designed (1) to study the effect of waterlogging
on the mineralization of organic soil nitrogen when incubated alone
or
mixed with ground straw which had been adjusted to several C:N ratios.
25

determine the effect of various C:N ratios on
moisture conditions.
mineralization under waterlogged and optimum
A combmation
experiment.
this
in
used
Crowley silt loam No. 1 was
used to give
was
clover
ground
and
straw
mixture of ground rice
two maThe
material.
organic
added
the
of
values
desired C:N ratio
the
obtain
a proportion as to
terials were thoroughly mixed in such

and

(2)

following

C:N

+ 34%

straw
15:1

nitrogen

to

(100%

(100%
21:1 (34%

rice

92:1

ratios:

clover straw);

straw);

rice straw

(66%

35:1

+ 66%

rice

clover straw);

clover straw).

Incubation Procedure:

mixed straw representing each of the four C:N
with a 100-gram soil sample. The amended
mixed
was thoroughly
of ground

One gram
ratios

medicine bottles.
was included to serve as a

to 12-ounce, previously tared

soil

was then transferred

An

additional treatment of

unamended

soil

pyridine (Nnitrification inhibitor, 2-Chloro-6-(trichloromethyl)
to prevent
treatments
the
all
in
Serve), was used at the rate of 20
of inordetermination
the
facilitate
to
nitrification of ammonium and
either
to
adjusted
was
treatment
Each
N.
ganic nitrogen as ammonium

check.

A

ppm

waterlogged (1:1 sod:
in controlled temperature
to prevent drying of
chambers into which saturated air was circulated
were frequently
samples
loss, the
the samples. To ensure against moisture
At time
content.
moisture
appropriate
to the

optimum moisture (25 percent moisture)
water ratio). The samples were incubated

or

weighed and adjusted

105, and 135 days after incubation,
removed for the determination
were
treatment
duplicate samples of each
of inorganic nitrogen.

intervals of

2.

Tracer
Special

7,

14, 22, 30, 45, 60, 75,

Studies

on

Reference

Nitrogen
to

Soil

with

Mineralization,

and

Transformations

Immobilization,

in

Denitrification Relationships
transThis experiment was designed to examine in some detail the
opand
waterlogged
under
formations of native and applied nitrogen
the
determine
to
were
(1)
objectives
timum moisture conditions. The

mineralization at
net and absolute rates of nitrogen immobilization and
conditions, (2)
moisture
two
the
under
carbon
added
of
various levels
extent of
remineralization of immobilized labelled nitrogen, and (3) the
mechanism
possible
nitrogen loss under waterlogged conditions through a
of nitrification of

subsequent denitrification. Crowley silt
investigation, with the following treatments:

ammonium and

2 was used in this
Untreated soil (control)
N
(b) Addition of 100 ppm labelled ammonium
N +
ammonium
labelled
ppm
100
of
(c) Addition
N +
(d) Addition of 100 ppm labelled ammonium
N +
(e) Addition of 100 ppm labelled ammonium
Incubation Procedure:
Thirty-six samples representing each treatment

loam No.
(a)
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1000 ppm carbon
2500 ppm carbon
4000 ppm carbon

were prepared by

thoroughly mixing 100 grams of air-dry soil each with 0, 1000, 2500, and
4000 ppm of carbon in the form of ground rice straw. The samples were
then transferred to 12-ounce bottles. Labelled ammonium sulfate solution equivalent to 100 ppm nitrogen, soil basis, was added in sufficient
water (25 ml) to bring each sample to optimum moisture
(25 percent
moisture). This method of applying nitrogen corresponds to surface
application of ammonium sulfate under field conditions. A control receiving no straw and no nitrogen was also included. Half of the
samples
were waterlogged by adding additional water (1:1 soil-water ratio) while

the remaining half were maintained at optimum moisture
(25 percent
moisture). Samples thus prepared were incubated at 30° C with watersaturated air in the chamber to prevent drying. To ensure that
the
moisture content was maintained during incubation, the samples were
frequently weighed and adjusted to the appropriate moisture content.
At time intervals of 2, 4, 8, 15, 30, 45, 60, 90, and 120 days, duplicate

samples of each treatment were removed for determination of ammoH- nitrate N and organic N and for ^^N isotope ratio analysis. No
nitrification inhibitor was used in this experiment.

nium

3.

Tracer

Studies

pletely

Anaerobic

on

Nitrogen

Transformations

under

Com-

Soil Conditions

This study was designed to determine (1) the effect of a completely
anaerobic condition on the fate of applied ammonium in the soil
and
(2) the effect of waterlogging per se on nitrogen transformations in soil.
This experiment was carried out as an extension of Experiment No.
Samples corresponding to treatment "d" (addition of 100 ppm
labelled ammonium N + 2500 ppm carbon) were prepared and
incubated at 30° C under the following conditions:
(a) Waterlogged anaerobic (air in bottle replaced with
argon)
2.

(b) Optimum moisture anaerobic
Incubation Procedure:

One-hundred-gram

(air in bottle

replaced with argon)

samples were thoroughly mixed with ground
2500 ppm carbon, soil basis, and transferred to
12-ounce bottles. Labelled ammonium sulfate equivalent to 100
ppm N,
soil basis, was added in sufficient water to bring
each sample to optimum
moisture. The samples were then given the appropriate
moisture and
aeration treatment. The bottles were sealed with rubber serum
caps and
anaerobic conditions were induced by replacing air with argon
by
alternately applying a vacuum and oxygen-free argon to samples
through
a hypodermic needle. The gas renewal procedure was
repeated weekly
for several weeks after incubation. At time intervals
of 2, 4, 8, 15, 30, 45,
soil

rice straw equivalent to

60, 90,

and 120 days

the determination of
isotope ratio analysis.

after incubation, duplicate

ammonium + nitrate N and
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samples were taken for
organic N and for

4.

Distribution

of

Fractions of Soil

Applied
Nitrogen

This fractionation study of

Nitrogen

Different

into

total soil nitrogen

was made

to

Chemical
determine

various inorthe distribution of applied ammonium nitrogen into the
the changes
measure
to
and
nitrogen
soil
of
fractions
organic
and
ganic
various
under
pool
within the various fractions of the native soil nitrogen
selected
on
made
was
conditions of moisture and aeration. This study
of a fourtreatments of Experiments 2 and 3, when sampled at the end
as a
serve
to
included
was
soil
Untreated
month incubation period.
were:
treatments
The
nitrogen.
soil
of
distribution
reference of the initial
(a) Addition of 100 ppm ammonium N (waterlogged)
(b)
(c)

Addition of 100 ppm ammonium N (optimum moisture)
Addition of 100 ppm ammonium N + 2500 ppm carbon (water-

logged)
(d)

Addition of 100

ppm ammonium N +

moisture)
(e)

Addition of 100

2500

ppm ammonium N +

ppm carbon (optimum

2500

ppm

carbon (water-

logged anaerobic)

The

according to
5.

and determination of nitrogen was carried out
the methods described by Cheng and Kurtz (1963).

fractionation

Nitrogen Loss as
Drying Conditions

a

Result

of

Alternate

Submergence and

This experiment was designed to measure the relative losses of
caused
applied and native nitrogen as a result of moisture fluctuations
moisoptimum
to
drying
then
by alternately submerging the soil and
frequency
of
effect
The
months.
ture for a total incubation period of four
the duration of the
of cycling on nitrogen loss was evaluated by varying
the total incubakeeping
but
cycle
drying
and
complete submergence
submergence
following
the
effects,
these
study
To
constant.
tion period

and drying treatments were used:
30-day cycle (4 cycles)
(a) Alternate submergence and drying—
40-day cycle (3 cycles)
(b) Alternate submergence and drying—
cycle indicates that the
30-day
Alternate submergence and drying—
first
15 days and were mainthe
during
samples were kept waterlogged

days. A 15-day period
tained at optimum moisture for the remaining 15
submergence and
alternate
in
the
Similarly,
cycle.
half
a
constituted
drying 40-day cycle, a 20-day period constituted the half cycle.

Incubation Procedure:
ammoSamples representing treatment "d" (Addition of 100 ppm
in
prepared
were
2
Experiment
nium N + 2500 ppm carbon) in
treatments
Appropriate
above.
outlined
accordance with the method
given, and the
with respect to alternate submergence and drying were
half
submergence
each
of
30°
end
the
At
C.
at
incubated
samples were
C
at
samples
30
air over the
cycle, samples were dried by blowing dry
optimum
to
adjusted
then
for 12 to 16 hours. The dried samples were
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moisture (25 percent moisture). At the end of each half cycle duplicate
samples were taken for the determination of ammonium + nitrate N,
total N, and labelled N.
E.

Analytical Procedures

1.

Determination of Inorganic Nitrogen
Extraction

a.

Inorganic nitrogen (ammonium + nitrate) was extracted from the
by shaking 100-gram samples of either waterlogged or optimum
moisture soil with 200 ml of 10 percent NaCl solution adjusted to pH
2.5. The samples were shaken for one hour and were then filtered, using
a Buchner funnel. Distilled water was added to the optimum moisture
samples immediately prior to shaking in order to give a moisture content
equal to that of waterlogged samples.
soil

Determination of

b.

Ammonium N

The ammonium N in the extract was determined by alkaline aeration
of the extract. An aliquot of 150 ml of the extract was transferred
to
a 250-ml gas washing bottle, and then about 100 ml of saturated K2CO3
solution were added to the extract. The gas washing bottle was immediconnected to another gas washing bottle containing 100 ml of 2
percent boric acid solution. The washing bottle with the extract and the
K2CO3 solution was then connected to a supply of ammonia-free air,
which was bubbled through the solution for about 12 to 16 hours to
sweep the ammonia into the boric acid solution. The ammonia was
treated with standard 0.01
HCl.
ately

Determination of Total Inorganic

c.

N

The total inorganic nitrogen (ammonium + nitrate + nitrite) in the
extract was determined by distillation with
and Devarda alloy
added immediately before distillation (Bremner, 1965). The distillate

MgO

was collected

N

standard 0.1
H2SO4 and titrated with standard
using methyl red indicator. The titrated solution was
further prepared for
analysis.
in

NaOH

0.1

.V

2.

Determination of Organic Nitrogen

After the extraction of inorganic nitrogen the soil was oven-dried
and analyzed for organic nitrogen by a modified Kjeldahl
procedure. A
soil sample equivalent to 5.00 gm, oven-dry
basis, was placed in an
800-ml Kjeldahl digestion flask. About 10 ml of distilled
water were
added, to the soil and allowed to stand for 20 minutes.

The

then

swirled

flask

was

and 6 grams of digestion mixture (10 parts
K2SO4, 1 part FeS04, V2 part CUSO4) were added.
Then 15 ml of
concentrated H2SO4 were added and the contents were
mixed by
swirlmg the flask. The digestion was then commenced
and continued
carefully
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two hours after the solution had cleared. The digested material was
allowed to cool, diluted to 200 ml with distilled water, and distilled
after adding 50 ml of 50 percent NaOH. The ammonia released by
H2SO4 and determined
distillation was collected in standard 0.1

for

N

by titration with standard 0.1
further prepared for ^^N analysis.
3.

Fractionation

NaOH. The

and Determination

The procedure

titrated

solution was

of Soil Organic Nitrogen

for fractionating soil organic nitrogen into its various

components was that of Cheng and Kurtz (1963). Organic nitrogen was
first divided into two categories: hydrolyzable nitrogen and non-hydrolyzable nitrogen. The former included hydrolyzed ammonium, amino sugars,

amino

ammonium
a.

and acid soluble humin N, while the
and insoluble humin N.

acids,

latter consisted of fixed

Preparation of Hydrolyzate

previously extracted for exchangeable
were washed with additional 200 ml of the
HCl
extracting solution. The residue was then hydrolyzed with 6
temperature
a
1:4
at
of
ratio
soil/solution
under reflux for 16 hours at a
of 100° C. Boiling chips and octyl alcohol were added to prevent
bumping and frothing during hydrolysis. After filtering, the acid
hydrolyzate and the residue were saved for further fractionation and

Fifty-gram

samples of

(ammonium +

nitrate)

soil

N

N

determination of hydrolyzable and non-hydrolyzable fractions.
b.

and

Fractionation

Determination

of

Nitrogen

Components

in

the Hydrolyzable Fraction

excess acid in the hydrolyzate was removed by repeated evaporaunder continuous aeration at 40° C by ammonia-free dry air. An
aliquot of the hydrolyzate was taken for fractionating of the various
hydrolytic products. The nitrogen in the hydrolyzate was divided into
two categories: the alkali-labile N and the alkali-stable N. The alkalilabile N designates those fractions in the hydrolyzate which release

The

tions

ammonia under

alkaline conditions, such as the hydrolyzed

ammonium

and the amino sugar N. The alkali-stable N in the hydrolyzate
which is stable under alkaline conditions, such as amino acid
acid soluble
(i).

is

that

N

and

humin N.

Alkali-labile

N

Fractions

The hydrolyzed ammonium was removed by
method described previously under ammonium

the alkaline aeration
determination. Small

amounts of 10 N NaOH were added to make the solution alkaline as
shown by pH indicator paper. The ammonia released was collected into
100 ml of 0.01 A^H2S04.
After the aeration process, the residue hydrolyzate was heated in a
Kjeldahl distillation unit to release the remaining amino sugar N as

NH3.
30

Alkali-stable

(ii).

N

Fractions

After removing the alkali-labile

was

N

the remaining hydrolyzate solution

product, formed during alkalinizafrom the solution phase. The solution contained the nitrogen
fraction which was soluble in both acid and alkali but stable under
filtered to isolate the precipitated

tion,

alkaline conditions, such as amino acid N.
the acid soluble but alkali insoluble humin N.

The

precipitates contained

The

solution from above was treated by the Kjeldahl digestion and
method of the organic nitrogen analysis, described earlier in
the section on the determination of organic nitrogen, to release amino

distillation

acid

N

as

NH3.

Acid soluble humin in the precipitates was determined exactly
the same way as amino acid fraction in the solution.
Fractionation

c.

and

Determination

of

Nitrogen

Components

in

the

Non-hydrolyzable Fraction
Insoluble

(i).

Humin N

The residue, left after filtration of hydrolyzed soil, was determined
by Kjeldahl digestion and distillation procedure as described for organic
nitrogen determination.
The

titrated solutions in all these fractions

were prepared

for

^^N

analysis.

Techniques

4.

Sample Preparation

a.

The

titrated

sulfate,

a

ammonium

samples containing nitrogen in the form of

suitable

starting

material

for

analysis

(Rittenberg,

were evaporated to a concentrated form so that about 3 ml of
the final solution contained at least 1 mg
per ml. This concentration was adequate for ^^N analysis. The concentrated samples were
1948),

N

transferred to glass vials

and stored

in the refrigerator until analyzed.

Analyses

b.

The
trometer,

at

analyses were carried out using a CEC 21-130 mass specthe National Fertilizer Development Center, Tennessee

Valley Authority, Muscle Shoals, Alabama, according to the
Rittenberg (1946) as described by Bremner (1965c).
Conversion of

(i).

The

Ammonium

to

method of

Nitrogen Gas

ammonium N to nitrogen gas for mass spectrometer analysis was accomplished by treatment of 1 ml of the sample
with 2 ml of alkaline sodium hypobromite solution in the complete
absence of air. The N2 gas evolved as described by the following reconversion of

action:
2

NH3 +

3

NaOBr =

3

NaBr +
31

3

H2O +

N2

conversion of ammonium to N2 was performed in a modified Rittenmodified
berg Y-tube designed to fit the mass spectrometer through a
of this
design
The
(1965c).
Bremner
by
described
as
system
gas inlet
during
conversion apparatus eliminated the problem of air leakage
in the
difficulties
other
conversion of ammonium to N2 and minimized

The

subsequent analysis of
(ii) .

this gas.

Determination of Isotopic Composition of Nitrogen

The N2 produced under high vacuum during

the reaction of alka-

sodium hypobromite with the sample was led to the gas inlet system
nitroof the mass spectrometer through a U-tube immersed in a liquid
at
chamber
ionization
the
gen trap. The gas was then introduced into
line

a regulated pressure

predetermined

to

give effective ionization of gas

molecules.
(iii) .

Calculation of Results

spectrometer measured the ratio of the intensities of the
currents produced by two isotopic ion beams. In the case of nitrogen,
to
the measured ratio (R) is that of the ion currents corresponding
mass 28 (i^N^^N) and mass 29 (i^Ni^N), i.e.:

The mass

14N15N
abundances are expressed in terms of atom-percent of the
investigation. To calculate atom-percent of ^^N the folunder
isotope
lowing relationship was used.
Isotopic

Atom-percent ^^N
^

100

=

2R +

1

Further calculations for atom-percent ^^N excess and labelled
ered were made after Jansson (1958).

RESULTS
A.

Mineralization

of

N

recov-

AND DISCUSSION
from Plant
Waterunder
Ratios Decomposing

Organic

Nitrogen

in

Soil

of Various C:N
logged and Optimum Moisture Conditions

Material

This experiment consisted of a comparative study of the rate of
nitrogen mineralization in Crowley silt loam, under two moisture regimes
with and without added straw of various carbon:nitrogen (C:N) ratios.
The samples were incubated under waterlogged and optimum moisture
added in
(25 percent moisture) conditions. A nitrification inhibitor was
an attempt to prevent nitrification of ammonium formed during the
mineralization process.

The

results

obtained are given in Figure
32

1.

The

nitrogen mineralization rates, in terms of ammonium accumulafollowed the general order of C:N ratios under both waterlogged
and optimum moisture conditions. Addition of ground clover corresponding to a C:N ratio of 15:1 caused the accumulation of the largest
amounts of ammonium N. Peak values of ammonium accumulation for
tion,

wider C:N ratios

(21:1,

35:1,

92:1)

were progressively lower as the

ratio increased.

150
C:N

C:N 35:1

92:1

100

Optimum Moisture

50

Waterlogged

Optimum Moisture

E
a
a

150

c

Untreated

0

150

Soil

09

8
50

Z

Optimum Moisture

c
(0

o>

o
c

150
150
C:N

Optimum Moisture,

21:1

C:N

100

15:1

Optimum Moisture

Waterlogged

150

0

50

100

150

Time— Days

—

Figure 1. Mineralization of organic nitrogen at various C:N ratios of added plant
material under waterlogged and optimum moisture conditions.
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study were the comparative rates of
and optimum moisture conwaterlogged
ammonium accumulation under
A close exammation of
ratios.
C:N
of
range
ditions over the wide
of incubation appreciamonths
two
first
the
during
that
Figure 1 reveals
under waterlogged
recorded
were
ammonification
of
values
bly higher
the pattern to be
than under optimum moisture conditions. This is
this initial period,
After
expected based on results of other investigators.
soil actually dewaterlogged
the
of
however, the ammonium content
there was
period
incubation
150-day
the
of
so that by the end

Of

special

interest

in

this

creased
less

ammonium

in the waterlogged samples than in the

optimum

mois-

ture samples.

was
same general pattern of ammonium accumulation
wide
a
At
material.
plant
observed at various C:N ratios of the added
ammonium during
C N ratio (92:1) there was hardly any release of
of ammonium
accumulation
slight
a
early stages of incubation. However,
being
amount
higher
a
with
incubation,
of
was noted towards the end
moisture conditions
optimum
under
than
waterlogged
released under
features ot
The results of this experiment point out two important
with
contrast
in
conditions
nitrogen mineralization under waterlogged

About

the

conditions: (1) a relatively higher accumulation of
a
ammonium N during the first two months of incubation, and (^)
incubaof
stages
later
at
accumulation
subsequent decline in ammonium
ammonium under waterlogged
tion The initial rapid accumulation of
can be attributed to the low
moisture
optimum
at
that
compared with
Since anaerobic bacteria
nitrogen requirements of anaerobic metabolism.
rate of the new cell
synthesis
operate at a low fermentation energy, the
during the
immobilized
nitrogen
material is very low. Thus, the
to the soil
released
that
and
less,
be
should

optimum moisture

anaerobic decomposition
aerobic metabolism results in
solution should be high. On the contrary,
coupled with a high
matter
organic
of
decomposition
a vigorous
rapid decomposition, the
incorporation of nitrogen. Thus, despite the
reaches a C:N ratio less
of nitrogen is small until the substrate
release

(1935c) and Sircar et
than about 16:1 (Waksman, 1932). Acharya
that nitrogen released
reported
and
(1940) presented similar evidence
was about 4 to 6
conditions
anaerobic
under
by rice straw decomposing
decomposition
the
although
conditions,
aerobic
times that released under
et al (1968)
Williams
conditions.
latter
the
under
higher
rate was much
requirement
nitrogen
the
likewise indicated that under field conditions
flooded rice soils was about
for the decomposition of rice straw in
required for organic
one-third of the average concentration of nitrogen
soil.
well-drained
residue decomposition in a normal
may be
Some practical aspects of considerable agronomic importance
requiring
ordinarily
anticipated from these results. Rice crop residues
planting of the next crop may be incorporated
al

disposal prior to the

It is possible that
without causing appreciable nitrogen immobilization.
high nitrogen
moderately
under
the decomposing straw, when produced
of the rice
period
growth
the
during
will release nitrogen

conditions,
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Williams et al (1968) provided evidence substantiating
these
under field conditions.
As mentioned above, the second feature of nitrogen
mineralization
brought out in this study was the decline in ammonium
content during
crop.

effects

The exact nature
The loss probably

latter stages of incubation.

be definitely ascertained.

of this nitrogen loss cannot
arose as a result of ammo-

nium formed during mineralization being nitrified in the
upper oxidized
then moving into the lower anaerobic zone
where it was

zone and

denitrified.

A

nitrification inhibitor

was added to the soil at the beginwas probably not effective after two months
The possibility of nitrogen loss through denitrification was
suggested
by subsequent studies, which are discussed later in
this report.
ning of incubation, but

B.

Tracer
Special

Studies

on

Reference

it

Nitrogen
to

Transformations in Soil
Immobilization, Mineralization,

with

and

Denitrification
1.

Immobilization-Mineralization Reactions

The amounts

of inorganic and organic nitrogen present in the soil
incubation in the second experiment are presented
in Figures 2 to 5. Both labelled and unlabelled nitrogen
are shown
for each of these two fractions. These figures give an indication
of the
net immobilization or mineralization of nitrogen.
at various times after

The results illustrated by Figure 2 show that under optimum moisture conditions a net mineralization of organic nitrogen was going
on
continuously in the untreated soil and accounted for about 32 ppm N
during the four-month incubation period. Under waterlogged conditions
the increase in inorganic nitrogen indicating net mineralization
was
manifested only during the first month of incubation. After this time
the inorganic nitrogen decreased at a gradual rate even though
the
mineralization of organic nitrogen continued throughout the incubation
period. The amount of organic nitrogen thus mineralized that did
not
quantitatively show up in the corresponding inorganic fraction indicated
a loss of nitrogen from the system.
In the treatment where 100 ppm ammonium N was added to
the
untreated soil and maintained at optimum moisture conditions (Figure
there was rapid immobilization of applied ammonium during the
week of incubation. The net immobilization reached about 28 percent of the applied nitrogen by the eighth day. After this time
a
continuous and vigorous net mineralization occurred, resulting in an
increase of about 50 ppm N in the total inorganic nitrogen pool.
The
amount of tagged nitrogen found in the inorganic state increased during
the net mineralization period of the experiment, but at a much
3),

first

slower

rate than the net mineralization.

The changes

in the

corresponding gross

and labelled organic nitrogen fractions further indicated that the initial
rapid, but small, net immobilization was followed by a
vigorous and
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Figure 2. Changes in inorganic and organic nitrogen under waterlogged and
optimum moisture conditions in soil to which no additional nitrogen was

added.
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continuous net mineralization. It is interesting to note from these data
that the addition of inorganic nitrogen caused a considerable nitrogen
turnover even in the absence of added energy material.
Figine 3 also illustrates the immobilization-mineralization relationship
imder waterlogged conditions. The continuous decrease in total and
labelled inorganic fractions apparently gave an indication of continuous
net immobilization, but this was not really the case. The nitrogen
leaving the inorganic fraction did not appear in the organic fraction,
but was lost from the soil. Sixty-eight percent of the added labelled
ammonium X could not be accounted for at the end of the experiment.
The tracer data on the movement of inorganic nitrogen to the organic
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Figure 3. Changes in the gross and labelled inorganic and organic nitrogen under
waterlogged and optimum moisture conditions in soil receiving 100 ppm ammonium
nitrogen.
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phase showed that immobilization of applied nitrogen was completed
by the fifteenth day of incubation. After this time no further net immobilization appeared, but rather a small remineralization of immobilized
labelled nitrogen occurred.
Figure 4 depicts the immobilization-mineralization changes in the
soil where rice straw (1000 ppm carbon) was added in addition to 100
ppm ammonium nitrogen. The straw increased considerably the net
immobilization of inorganic nitrogen in the organic phase. A maximum
in immobilization was observed by the eighth day of incubation. From
this time on, a rather vigorous net mineralization occurred. Regarding
the turnover of applied nitrogen, maximum immobilization amounting
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Figure 4.—Changes in the gross and labelled inorganic and organic
ppm ammonium
waterlogged and optimum moisture conditions in soil receiving 100
nitrogen and 1000 ppm carbon as rice straw.
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about 42 percent of the added nitrogen occurred during the first 15
This was then followed by rapid remineralization of the recently
immobilized labelled nitrogen for the next 15 days. After this time
remineralization proceeded at a very slow rate.
The changes in gross and labelled organic nitrogen fractions also
to

days.

indicate a similar immobilization-mineralization relationship as summarized above from the inorganic N data. The initial rapid increase
followed by a subsequent vigorous decrease in the gross organic N
fraction corresponds, respectively, to the initial net immobilization and
subsequent net mineralization. A moderate change in the labelled
organic nitrogen (shaded area) illustrates a relatively slow mineralization
rate of the recently immobilized labelled nitrogen, particularly during
the latter part of the incubation.

Under waterlogged conditions (Figure

4) a continuous decrease in
inorganic labelled nitrogen indicates that the nitrogen from the
inorganic pool was being constantly removed, either by immobilization
into the organic phase or through some other mechanism. Since this
decrease in the inorganic fraction in waterlogged soil was not accounted
for by an increase in the corresponding organic fraction except for the
first eight days, it is evident that loss of nitrogen from the system occurred
at a gradually decreasing rate during the last three and one-half months
of incubation.

the

Conclusive evidence of nitrogen loss was suggested by considerably
lower recoveries of labelled nitrogen towards the end of incubation.
Only 42 percent of the applied nitrogen was accounted for, both in the
inorganic and organic fractions of soil nitrogen, indicating a net loss
of about 58 percent of the applied nitrogen. This loss was in addition to
the nitrogen loss from native soil organic nitrogen that

became mineral-

ized during the incubation period.

Figure 5 indicates that straw addition at a rate of 2500 ppm carbon
treated with 100 ppm ammonium N caused a vigorous net
immobilization of inorganic nitrogen in the soil maintained at optimum
moisture. A minimum of 10 ppm in inorganic nitrogen was present on
the thirtieth day of incubation. There was then a rapid increase in
inorganic nitrogen, indicating that the initial net immobilization was
changed into a rather vigorous net mineralization. The data for labelled
inorganic nitrogen that moved into the organic phase likewise indicate
that the maximum immobilization, amounting to about 87 percent of
applied nitrogen, occurred during the first month of incubation. This
was then followed by a rapid remineralization of the immobilized
to

soil

labelled nitrogen. Thus, immediately after

amounts of labelled nitrogen present
at a rather fast rate

sions were further

maximum

immobilization, the

in the inorganic fraction increased

during the net mineralization period. These conclusupplemented by the data on changes in gross and

labelled organic nitrogen.

Under waterlogged conditions a continuous decrease in inorganic
nitrogen occurred without any corresponding increase in the organic
39
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initial periods, processes other
fraction, indicating that, except for the
removal of morganic
continuous
the
for
accounted
than immobilization

immobilization-mineralizanitrogen. This complicated any evaluation of
inorganic nitrogen. However, from
tion relationship from the data on
the organic fraction, it was calinto
the tracer nitrogen that moved
equivalent to about 54 ppm
immobilization
culated that a vigorous net
the high levels
Nevertheless,
conditions.
waterlogged
under

N

occurred

corresponding optimum moisture
of immobilization encountered in the
of the immobilized
treatment were never reached. Little mineralization
labelled nitrogen occurred.
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The biological nitrogen turnover was also studied under completely
anaerobic conditions (air replaced with argon). Figure 6 illustrates
changes in inorganic and organic nitrogen under optimum moistureanaerobic (optimum moisture, air replaced with argon) and waterloggedanaerobic (waterlogged, air replaced with argon) conditions. The curves
representing nitrogen change under the two anaerobic moisture regimes
are so similar, both qualitatively and quantitatively, that hardly any
difference between the two can be noticed. In other words, the results
show that under anaerobic conditions waterlogging per se had no effect
on the nitrogen transformations in soil. Regarding immobilizationmineralization reactions under anaerobic conditions, Figure 6 shows
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Figure 6. Changes in the gross and labelled inorganic and organic nitrogen under
waterlogged-anaerobic and optimum moisture-anaerobic conditions in soil receiving
100 ppm ammonium nitrogen and 2500 ppm carbon as rice straw.
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that immobilization proceeded at a fairly rapid rate. However, the high
immobilization values of its counterpart aerobic system (Figure 5, optimoisture) were never reached, indicating that both the rate and
magnitude of net immobilization were reduced by the anaerobic condi-

mum

incubation the net immobilization changed
there on, the latter continued at a much
faster rate. It is important to note that, unlike immobilization, the net
mineralization proceeded at a higher rate under anaerobic than
under aerobic conditions (Figures 5 and 6). This observation is in
and
close accordance with the findings of Acharya (1935c) and Tenny
mineralization
nitrogen
that
the
significant
It
is
Waksman (1940).
took place at the expense of the native organic soil nitrogen and not
from the recently immobilized labelled nitrogen. Tracer data for the
tions.

About eight days

to net mineralization.

after

From

labelled nitrogen in the inorganic phase reveal that after the maximum
immobilization stage the amounts of labelled nitrogen in the inorganic
state

did not increase.

Another important feature of nitrogen transformation under anaerobic conditions is that there was no loss of nitrogen from the system
treatas compared with a marked loss under comparable waterlogged
ment. The loss of nitrogen encountered under waterlogged conditions

may be due

to the partially aerobic

nature of waterlogged systems in

aerobic and leads to the biological oxidation of ammonium to nitrate. The nitrate in turn may diffuse into the
underlying anaerobic zone and undergo denitrification. The details of

which the

this

interfacial area

mechanism

is

are discussed later in this report.

Figure 7 shows that when the addition of rice straw to soil treated
with 100 ppm ammonium N was increased to about 4000 ppm carbon,
a vigorous net immobilization occurred under optimum moisture condithe comtions. The maximum in net immobilization was marked by
day
thirtieth
the
on
phase
inorganic
plete absence of nitrogen in the
inorganic
in
increase
rapid
a
followed
then
of incubation. There
nitrogen, showing that initial net immobilization was changed into a
rather vigorous net mineralization. The amount of labelled nitrogen
found in the inorganic state also increased during the net mineralization
period of the experiment at about the same rate as unlabelled inorganic
nitrogen (Figure 7). Quantitatively, the net mineralization accounted

ppm of inorganic nitrogen, of which about 37 ppm was
by
the recently immobilized labelled inorganic nitrogen.
contributed
This immobilization-mineralization relationship is also depicted by the
changes in gross and labelled organic nitrogen. The net immobilization
fraction and,
of nitrogen is shown by an increase in gross organic
the organic
in
decrease
a
by
indicated
similarly, net mineralization is
area) de(shaded
nitrogen
organic
labelled
in
fraction. The decrease
nitrogen.
labelled
immobilized
the
of
rate
remineralization
notes high
Figure 7 also illustrates the interchange between inorganic and
organic nitrogen under waterlogged conditions. The addition of 4000
ppm of carbon caused a much more vigorous net immobilization than
for

about 81
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was earlier observed at lower levels of straw addition. However, the high
immobilization rate of a comparable optimum moisture treatment
(Figure 7) was never reached. Tracer data, on the inorganic nitrogen
that moved into the organic fraction, revealed that about 58 percent
of the applied ammonium N was immobilized during the first 30 days
of incubation. After this, little or no further net immobilization
occurred, although a continuous removal of nitrogen from the inorganic
phase was constantly noted. The latter may have been due to a net
loss of nitrogen from the system, as was earlier noted for the waterlogged
treatments. No direct evidence of net mineralization was noted from
the inorganic phase; however, the continuous decrease in gross organic
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Figure 7. Changes in the gross and labelled inorganic and organic nitrogen under
waterlogged and optimum moisture conditions in soil receiving 100 ppm ammonium
nitrogen and 4000 ppm carbon as rice straw.
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immobilization,
nitrogen did indicate that, immediately after maximum
the rest of
during
rate
fast
rather
a
at
dominated
mineralization
net
the incubation period.
2.

Remineralization of Immobilized Labelled Nitrogen

In the foregoing discussion of the nitrogen immobilization-mineralizaof immobilized
tion relationship, reference was made to remineralization
and extent of
rate
the
on
needed
labelled nitrogen. More discussion is
A summary
conditions.
experimental
various
the
under
remineralization
and
nitrogen
applied
of
immobilization
maximum
showing
data
of the
is given in Table 1.
nitrogen
labelled
immobilized
of
remineralization
the
At the turning point, that is, at the stage when the initial net
immobilization of inorganic nitrogen was changed into net mineralization,
occurred at a
the remineralization of immobilized labelled nitrogen
period
incubation
the
as
considerably
down
slowed
rather rapid rate but
towards
occurred
remineralization
no
or
little
Consequently,
proceeded.
moisture and
the end of the incubation period. Regarding the effect of
rapid under
most
aeration treatment, the remineralization rate was
conditions.
anaerobic
under
moisture and least pronounced

optimum
The waterlogged treatment was

intermediate between the two.

It

is

the case where 2500 ppm C as rice straw
important to note that
the rate of remineralization of
mineralization,
net
unlike
was added,
immobilized labelled nitrogen was more rapid under optimum moisture
in

TABLE

1.

—Remineralization of immobilized labelled nitrogen
Labelled organic

Treament

Moisture

N

Percent
Net
At end of
At maximum
mmobilization incubation rem neralization remineralization
stage

ppm N
-

100

ppm N Optimum

25.6

11.9

13.7

53.5

35.1

20.4

14.7

41.9

42.1

22.9

19.2

45.6

47.5

32.8

14.7

30.9

86.9

54.3

32.6

37.5

Moisture

Waterlogged
100

ppm N Optimum
-f

Moisture

ppm C

1000

Waterlogged

ppm N Optimum
Moisture
+
2500 ppm C
100

Waterlogged
Anaerobic
100

ppm N Optimum

+
4000

53.6

46.4

7.2

13.4

58.1

57.1

1.0

1.7

92.7

62.0

30.7

33.1

57.7

55.9

1.8

3.1

Moisture

ppm C
Waterlogged
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than under waterlogged or anaerobic conditions. It may be recalled
that the reverse was true in the case of mineralization. The diffference
in the rate and magnitude of remineralization under optimum moisture

and waterlogged conditions widened as the ratio between added carbon
and nitrogen increased. Tracer data on the movement of labelled
nitrogen into and out of the organic fraction give a quantitative indication of remineralization of immobilized labelled nitrogen under various
experimental conditions. In the case of a soil with 100 ppm added
nitrogen but no straw addition, 13.7 ppm of the total immobilized
labelled nitrogen was remineralized at the end of incubation under

optimum moisture

conditions, while the corresponding remineralization
waterlogged treatment was 14.7 ppm. When rice straw
equivalent to 1000 ppm carbon was added to a soil with 100 ppm
added N, the remineralization figures under optimum moisture and
waterlogged treatments amounted to 19.2 and 14.7 ppm, respectively.
Addition of 2500 ppm carbon to soil with 100 ppm added N resulted
in the remineralization of immobilized labelled nitrogen equivalent to
32.6, 7.2, 1.0 ppm under optimum moisture, waterlogged, and completely
anaerobic conditions, respectively. When the addition of rice straw to
a soil with 100 ppm added N was increased to about 4000 ppm carbon,
the remineralization amounted to 30.7 ppm under optimum moisture
conditions, while little or no remineralization (1.8 ppm) was observed
under waterlogged conditions.
It may be noted from the foregoing discussion that the incremental
addition of rice straw to soil with 100 ppm added N increased the remineralization of immobilized labelled nitrogen in absolute terms, but decreased it in terms of percentage (Table 1). The increase in net
remineralization on addition of straw may be due to enhanced biological
activities which, in turn, caused an increased nitrogen turnover. The
data on the remineralization of immobilized labelled nitrogen indicate
that nitrogen, immobilized during incubation with straw, does not
become a homogenous mixture with soil organic matter and that the
duration and active life of newly synthesized tissue is short. Earlier,
Jansson (1958) and Stewart et al (1963) noted these effects.
The lower values of nitrogen remineralization under waterlogged as
compared with optimum moisture conditions are perhaps due to retarded microbial activity. Since a more restricted and less efficient bacterial
flora is involved under waterlogged conditions, both mineralization
and synthesis are considerably retarded. The effect of microflora on
figure

for

the nitrogen remineralization was more marked under completely
anaerobic than under waterlogged conditions.
It is important to note that the values of net remineralization
reported in this study are generally higher than those reported by earlier
workers. Broadbent and Tyler (1957, 1962) and Broadbent and Nakashima (1965) reported that immobilized nitrogen resists mineralization for
rather long periods of time. Jansson (1963) noted that the net mineralization of biologically immobilized nitrogen amounted to about 3.0 to
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percent per year. Broadbent and Tyler (1958) attributed the low
recoveries of immobilized nitrogen to the formation of nitrogenous compounds of greater biological stability. Bremner (1955) likewise reported
that much of the organically synthesized nitrogen was very resistant

4.7

that most of this was present
was present as amino

to

subsequent decomposition.

He found

in

the form of protein, and

a smaller fraction

sugars.
3.

Absolute Values of Mineralization and Immobilization

preceding discussion on nitrogen immobilization-mineralization
was primarily based on net mineralization and net
immobilization in the biological system. The net changes were measured
in
by following the appearance and disappearance of labelled nitrogen
consider
to
interest
of
be
may
it
the inorganic nitrogen pool. However,
proceeding
the absolute turnover rates when two opposing processes are
immobilization.
and
mineralization
of
case
the
in
as
simultaneously,

The

relationship

calculation
In the tracer system of the kind employed in this study,
immobilization
of the absolute rate and magnitude of mineralization and
can be made by using the equations of Kirkham and Bartholomew
in deriving the equations
(1955) provided the basic assumptions used
studied two possible
authors
These
study.
are valid for the system under
equations.
differential
basic
following
the
of
integration postulates

dx

and

=
=
m =
=
=
y
=
a
b =

where x
/

i

dy

b-y

~dt

-X

•

a

m

-

—

y

•

I

X

total inorganic (extractable)

N

time
mineralization rate
immobilization rate
labelled inorganic N
total N in system
total labelled

N

In performing the integration of these equations, Kirkham and Bartholoare considered to be
mew considered two cases. In case I, and
constants during the time intervals studied. In case II they are considered
respectively. Further, case I is applicable if
proportional to x and
i

m

y,

holds if a
a plot of inorganic nitrogen against time is linear. Case II
yields a
nitrogen
inorganic
labelled
versus
plot of inorganic nitrogen

(optimum
line. An inspection of the data in Figures 3-6
moisture) indicates that the plot of inorganic nitrogen versus time does
not form a straight line for the entire incubation period (0-120 days);
however, several segments of the curve representing short time intervals

straight
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are perhaps sufficiently linear for the equation to be valid. Mineralization and immobilization rates were, therefore, calculated according to
the equation derived from the case I postulate.

m

z=

•

——
log,
)

I

=

m —

X-Xq
t

Tables 2 and 3 give values of m and i for various treatment combinaRates of nitrogen interchange were much higher during the first
15 days than during the later part of the incubation period, when

tions.

microbial activity had sufficiently subsided. This was true under all
combinations of added carbon and nitrogen. In the absence of straw,
mineralization dominated except for the initial eight days, but the
immobilization rate was far from negligible, indicating that the two
opposing processes were proceeding simultaneously. Calculations for the
entire incubation period (0-120 days) indicate a strong prevalence of
mineralization. Immobilization comprised about 41 percent of the
mineralization.

When

straw was added, immobilization of ammonium nitrogen was
being about 3 to 6 times that of the non-straw
treatment. The increase in immobilization was almost proportional to
the amount of straw added. It was also indicated that the addition of
straw stimulated the mineralization process, although the data for
greatly

stimulated,

different treatment combinations were not very consistent.
Of special interest, and perhaps importance, is the

comparison of
turnover rates under aerobic (optimum moisture) and anaerobic conditions (100 ppm N + 2500 ppm C). The data in Table 3 indicate that
anaerobic mineralization proceeded at a much higher rate, being about
two times the aerobic mineralization, whereas immobilization was
dominant under aerobic conditions. Calculations for turnover rates
over the entire incubation period (0-120 days) demonstrate that mineralization w^as 1.35 times higher under anaerobic than under aerobic system; immobilization, however, was slightly higher under the aerobic
conditions.

The zero values registered for nitrogen turnover rates, in case of the
treatment of 100 ppm N + 4000 ppm C, are due to zero values of x
(total inorganic nitrogen), indicating no net mineralization or immobilization. These equations do not hold under such conditions; however,
a separate treatment of these data is possible to calculate the turnover
rates under these conditions (Kirkham and Bartholomew, 1955).
The foregoing discussion on the application of the Kirkham and
Bartholomew equations to data obtained indicate that the equations do
47

TABLE 2.— Rates
tions of

Treatment

ppm N

100

from equaof nitrogen mineralization and immobilization calculated
(1955) under optimum moisture conditions

Kirkham and Bartholomew

Time

Mineralization

(days)

rate (ppm/day)

Immobilization
rate (ppm/day)
7.29

0

4

2.93

4

8

0.93

8
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1
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0.03
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0.30

0
4

4

2.51

8

1.29

15

3.30

30
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0.00

90

0.00

120

0.31

815

30

45

0.00

13.40

7.26
7.88

0.00
0.00

-

1.28

-7.20

immobilization calculated from the
3 —Rates of nitrogen mineralization and
under optimum moisture and
equations of Kirkham and Bartholomew (1955)
conditions
anaerobic

TABLE

Treatment

ppm N +
2500 ppm C
100

(optimum
moisture)

Mineralization
rate

rate

(ppm/day)

(ppm/day)

04815-

304560-

4

2.11

11.37

8

1.31

6.23

- 1.00

2.78

15

30
45
60
90

0.10

0.13

0.58

0.85

4

5.57

12.00

8

3.16

5.74

15

-0.04

-0.03

0.62

-0.61

-

100

ppm N +

04815-

3060-

2.22

-0.45
-0.25
-2.12
-0.20

0.30

90 120
0- 120

2500 ppm C
(waterlogged
anaerobic)

Immobilization

Time
(days)

30
60
90

90 - 120
0- 120
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1.18

0.96

0.40

-0.04

0.31

0.06

0.11

-0.14

0.78

0.82

give a general picture of nitrogen mineralization and immobilization in
absolute terms but are not necessarily always in strict conformance with
the

biological

events

taking place in the system.

The

application of

was not tested under waterlogged conditions due to the
heavy losses of nitrogen encountered under these conditions. Equations
must be corrected to account for nitrogen loss from the system in order
to calculate the nitrogen turnover rates under waterlogged conditions.
The second postulate (case II) of Kirkham and Bartholomew equations based on the assumption that mineralization and immobilization
these equations

rates are proportional to labelled organic
tively,

C.

and inorganic nitrogen,

respec-

was not found applicable to these data.

Distribution

of

Applied

Nitrogen

into

Different

Chemical

Fractions of Soil Nitrogen
1.

Chemical
Silt

Distribution

of

Native

Soil

Nitrogen

in

Crowley

Loam

The

initial distribution of native soil

nitrogen into different chemical
acid N and hydrolyzed
ammonium N comprised the largest fraction (73 percent) of total soil
nitrogen, while a relatively much smaller fraction (27 percent) was
constituted by other organic and inorganic fractions. Amino acid N
fractions

is

presented

in

Figure 8a.

Amino

dominated

all the fractions isolated and accounted for about 45 percent
of the total soil nitrogen. Hydrolyzed ammonium N, representing the
nitrogen that was released by alkaline aeration of acid hydrolyzate, constituted more than one-fourtfi (28 percent) of the total nitrogen. The

amount of nitrogen found in the amino sugar fraction was small,
amounting to about 5 percent of total soil nitrogen. Humin N fraction
accounted for 20 percent of

total nitrogen, with about twice as much
humin N (14 percent) as in the soluble humin N
fraction (6 percent). The amount of inorganic nitrogen present in
the exchangeable N fraction was the least (2 percent) among the

in

the

insoluble

fractions isolated. Non-exchangeable ammonium N was not
determined, since this fraction was not considered to be active in the
nitrogen transformations studied here. It may be noted from the foregoing paragraph that the chemical distribution of soil nitrogen in

various

Crowley

silt loam followed the same general distribution pattern of soil
nitrogen as was pointed out in the preceding review of nitrogen transformations in the soil. Relatively low figures for amino sugar N may be

due

to the partial destruction of

amino sugars during

the acid hydroly-

Stevenson (1957) found that losses of glucosamine were in
the order of 12.5 and 15.9 percent when hydrolyzed in 6
HCl for
six and nine hours, respectively. Extrapolating these losses to 16-hour
hydrolysis time, Cheng and Kurtz (1963) estimated that about onefourth of the amino sugars in the hydrolyzate would be destroyed.
Further, they reported that the nitrogen from partially destroyed amino
sis

process.
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acids

and amino sugar components, and

ammonium during the process
of hydrolyzed ammonium fraction.
fixed

that partially released from
of hydrolysis might constitute a part

Chemical Distribution of Applied Nitrogen

2.

in Soil

The

data in Figure 9a represent the distribution of applied nitrogen
in soil incubated without added straw under waterlogged
and optimum moisture conditions. Under optimum moisture conditions,
84 percent of the applied ammonium stayed in the exchangeable fraction. Of the remaining 16.0 percent, only 11.9 percent was recovered in
the organic pool, indicating that 4.1 percent of the applied nitrogen
was not accounted for in the various fractions isolated. The distribution
of labelled nitrogen within the organic pool showed that about
twice as much labelled nitrogen moved into the amino acid fraction as
moved into all other organic fractions combined. Relatively much
(100

ppm N)

smaller amounts (about 2.2 percent) of applied

ammonium

N

entered the hydrolyzed

Only trace amounts of labelled nitrogen were
recovered in amino sugar and humin N fractions. In terms of percentage
distribution within the organic pool, about 60 percent of the immobilized labelled N was recovered in the amino acid components, while
about 5.5 percent moved into the amino sugar fraction. These two
fractions, together with hydrolyzed ammonium N, contained more than
fraction.

80 percent of the immobilized labelled nitrogen.

The distribution of added nitrogen within the organic pool of the
waterlogged treatment was remarkably consistent with that of the
optimum moisture treatment. At the end of the incubation period, 16.1
percent of the applied nitrogen had been converted to amino acid N
as compared with 7.5 percent which had moved into other organic
fractions, indicating that the immobilization of applied nitrogen was
twice as much in amino acid fraction as in other organic fractions.
Appreciable amounts (about 5.1 percent) of applied nitrogen were
detected as hydrolyzed ammonium N. Only trace amounts of labelled
X moved into amino sugar and humin N fractions. However, the most
important feature of the waterlogged treatment was the remarkably
lower recoveries of labelled nitrogen from the exchangeable fraction
under waterlogged than under optimum moisture conditions. Approximately 11.4 percent of the labelled nitrogen was found in the exchangeable inorganic fraction under waterlogged conditions, as compared with
84.1 percent recovered under optimum moisture conditions. An account
of labelled nitrogen in the various nitrogen fractions isolated indicates that
about 65 percent of the applied nitrogen was not accounted for under
waterlogged conditions. This loss of applied ammonium was attributed
to the possible mechanism of oxidation and subsequent denitrification
of ammonium in waterlogged soils and is discussed in detail in a later
section.

The

results

on the distribution of applied nitrogen within the organic
the findings of Cheng and Kurtz

pool are in close agreement with
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Stewart et al (1963), and IRRI Annual Report (1965), who
reported that organic fractions such as amino acid N and
hydrolyzed ammonium N were the most important in terms of
immobilization. It was also indicated (IRRI Annual Report, 1965) that
considerable losses of nitrogen occurred under flooded conditions.
The distribution of applied ammonium N (100 ppm) into different
(1963),

likewise
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Figure 9. Distribution of applied nitrogen (100 ppm) into dififerent chemical fractions of soil nitrogen at the end of four months' incubation period as determined

by isotope analysis.
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chemical fractions of soil nitrogen was also studied in soil incubated
with added rice straw (2500 ppm C) and maintained under optimum
moisture, waterlogged, and waterlogged-anaerobic (air replaced with
argon) conditions for a period of four months. Figure 9b represents the
amounts of applied nitrogen found in the different chemical fractions
isolated at the end of the incubation period under various conditions
of aeration and moisture. Appreciably higher amounts of applied
nitrogen became immobilized in the presence of added straw than in
its absence. The percentage of applied nitrogen recovered in the
combined organic pool was 46.8, 52.8, and 55.0 percent under waterlogged,
optimum moisture, and anaerobic conditions, respectively. Despite the
greater nitrogen immobilization in the presence of added straw, the
general distribution pattern of different chemical fractions within the
organic pool was about the same as was earlier observed without added
straw. In general, under all conditions of aeration and moisture, approximately two to three times as much fertilizer nitrogen entered the

amino

acid fraction as entered the other organic fractions combined.
For example, under waterlogged conditions 30.1 percent of the applied
nitrogen was incorporated into the amino acid fraction as compared
with only 16.6 percent incorporated into other fractions. Under optimum
moisture conditions 39.6 percent of the applied nitrogen was immobi-

-

amino acid components while only 13.1 percent moved into
the other fractions combined. Similarly, under anaerobic conditions
40.6 percent of the applied nitrogen was immobilized into the amino
lized into

all

acid components compared with 14.4 percent immobilized into the
other organic fractions. This indicates that the relative distribution of
immobilized labelled nitrogen into the amino acid and the other organic
fractions

combined was about the same under the rather extreme conand moisture used in this study. The distribution of

ditions of aeration

applied nitrogen in the other organic fractions was about the same
under the different aeration and moisture conditions. It is important
to note that together the amino acid N, hydrolyzed ammonium N,
and
amino sugar N fractions constituted more than 90 percent of the total

immobilized labelled nitrogen, irrespective of the aeration and moisture
treatment. Only small amounts of fertilizer
insoluble

An

humin N

N

entered the soluble and

fractions.

important feature of

this study was the remarkably lower amounts
recovered in the exchangeable fraction under waterlogged
conditions. About 10.6 percent of the applied nitrogen was detected

of fertilizer

N

in the exchangeable fraction under waterlogged conditions, as
compared
with about 45.9 and 44.9 percent found under optimum moisture and
anaerobic conditions, respectively. Total labelled nitrogen recovered

from various chemical fractions isolated under the three aeration and
moisture conditions indicates that a large amount, equivalent to
about
42.6 percent, was lost under the waterlogged conditions. The loss of
applied nitrogen under optimum moisture and completely anaerobic
conditions was relatively insignificant. The tremendous loss under water53

-

logged conditions was attributed to the oxidation of ammonium and
subsequent denitrification in waterlogged soils. The nitrogen loss under
the anaerobic and optimum moisture conditions was well within the
experimental error.
While further studies are needed, the significant conclusions from the
foregoing results may be summarized as follows: (1) Amino acid N,

hydrolyzed ammonium N, and amino sugar N were the most important
organic nitrogen fractions in terms of nitrogen immobilization. Together these three fractions contained about 90 percent of the immobilized labelled nitrogen under all conditions of aeration and moisture;
nitrogen entered the
(2) about two to three times as much added

amino

acid

fraction

as

entered

the

other organic

fractions;

(3)

the

addition of straw increased the rate of nitrogen immobilization but did
not alter the distribution pattern of added nitrogen within the soil
organic pool; (4) no significant difference in the distribution of added
nitrogen into the various organic fractionSj was noted between the

waterlogged treatment and the completely anaerobic treatment; however,
considerable losses of nitrogen occurred under waterlogging in contrast
to no loss under anaerobic conditions.
D.

Losses
Soil

of

Applied and

Native

Nitrogen

in

a Waterlogged

System

data presented in Figure 10 show the distribution of applied
(100 ppm) into inorganic and organic fractions. The area
labelled as "unaccounted for N" represents the magnitude of nitrogen
loss from applied (i5NH4)2S04 in a waterlogged soil system incubated
for a period of four months. Large losses of applied nitrogen occurred

The

nitrogen

under continuously waterlogged conditions. These losses were most pronounced in the absence of added straw but decreased progressively as
the amount of added straw increased. In the case of soil treated with
100 ppm ammonium N in the absence of added straw, a tremendous
loss, amounting to 68 percent of the labelled nitrogen originally applied
to soil, occurred after an initial lag period of 15 days. The rate of nitrogen loss was at a maximum during the time interval between 15 and 60
days after incubation (1.3 ppm per day for about 45 days) and decreased
rapidly as the incubation period proceeded. About 85 percent of the
total loss occurred during the first two months, with only a small loss
(15 percent) occurring during the last part of the incubation period.
It is important to point out that at the end of the incubation period
only 11.4 percent of the applied nitrogen was present in the inorganic

was immobilized into the organic phase, and the
remaining 68.2 percent was lost from the system.
Addition of rice straw to soil with 100 ppm ammonium N decreased
both the rate and magnitude of nitrogen loss. The decrease in nitrogen
loss was proportional to the increase in nitrogen immobilization, which
in turn was proportional to the amount of straw added.
fraction, 20.4 percent

Interpretation of the data in Figure 10 indicates that the addition
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of straw at a rate equivalent to 1000 ppm carbon caused nitrogen
loss
to decrease and nitrogen immobilization to increase. About
58.6 percent
of the applied nitrogen was lost during the four-month incubation
period
in the presence of straw, as compared with 68.2 percent
nitrogen lost
in the absence of straw. Maximum loss of nitrogen at
a rate of

about

ppm

per day occurred during the time interval marked by the linear
portion of the curve (15-60 days) and accounted for about 85
percent
of the total loss. When the rates of added straw were increased
0.9

to

ppm

2500

and 4000 ppm carbon, the loss of nitrogen from applied
(i5XH4)2S04 was decreased to 43.0 ppm and 34.8 ppm,
respectively.
This indicates that the addition of straw equivalent to 4000 ppm carbon
reduced the nitrogen
However, it

straw.

decrease in

one-half of that encountered without added
important to note that, notwithstanding the
nitrogen loss by incremental additions of added straw, the
loss to

is

amount of

available nitrogen (extractable ammonium + nitrate) left
in
the inorganic pool was about the same (6 to 12 ppm) at
the end of the

incubation period under

combinations of added carbon and nitrogen.
in nitrogen loss from additional
increments of added straw was primarily caused by the increased
immobi-

This

indicates

lization

that

all

the

decrease

of inorganic nitrogen

100

into
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soil.

net immobilization, with

little

or no nitrogen loss during the

first

15 days

of incubation, provides evidence to this effect. The close parallel between
the rate of nitrogen loss and the amount of inorganic nitrogen present
(Figure 10) suggests that after an initial lag period of 14 days, when

immobilization was predominant, the nitrogen loss was directly proportional to the concentration of ammonium present in the inorganic pool.
Further, Figure 11, depicting the distribution of applied and soil inorganic nitrogen in the sample profile, indicates that about 75 percent of
the applied nitrogen was present within 1.5 cm of the surface layer.
This in turn indicates that the ammonium at or near the soil-water
interface in a waterlogged soil system is fairly unstable and is constantly
subjected to loss from the system through a mechanism of nitrification

and subsequent

denitrification.

A

detailed discussion of this

mechanism

will be given later in this section.

Figure 10 can be interpreted to account
the labelled applied nitrogen and does not
from the soil nitrogen mineralized during
period. A quantitative evaluation of these
by the fact that nitrogen mineralization and

for nitrogen loss only from
include the loss of nitrogen
the four-month incubation
losses

is

rendered

difficult

nitrogen loss in waterlogged

0

0

20
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30

Figure

Percentage of total inorganic N
inorganic nitrogen in a
— Distribution of applied and

sample

profile.

soil

11.
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soils

often proceed simultaneously. However, an evaluation of the total
loss from the soil system should provide an estimate of loss

nitrogen
of native

soil

nitrogen.

shows the changes in total nitrogen for the treatments
maintained under optimum moisture and waterlogged conditions at
in
combination with 100 ppm N as
various levels of straw
(^^XH4)2S04. Little or no nitrogen was lost under optimum moisture, in contrast with the large loss of nitrogen that occurred under
continuously waterlogged conditions. The decrease in the total nitrogen
content became evident about 20 or 30 days after waterlogging and
proceeded continuously for the rest of the incubation period. The difference in total nitrogen between optimum moisture and waterlogged
treatments provides an estimate of nitrogen loss caused solely by waterlogging. In the absence of added straw about 93.0 ppm nitrogen,
equivalent to about 9.8 percent of total nitrogen, was lost during the
four-month incubation period. Losses of a slightly higher magnitude,
Figure

amounting

12

to 97.8

ppm

nitrogen or 10.1 percent of the total nitrogen,

were observed in the case where the straw was added at a rate of 1000
ppm carbon. Addition of straw at higher rates, 2500 ppm and 4000 ppm
carbon, caused an appreciable decrease in the nitrogen loss from the
waterlogged system. About 63.2 ppm nitrogen, representing 6.8 percent
of the total nitrogen, was lost in the case of 2500 ppm carbon treatment,
while 83.5 ppm nitrogen, which was equivalent to 8.7 percent of total
nitrogen, was lost in the case where 4000 ppm carbon in the form of
rice straw was added. It should be kept in mind that these losses
include the labelled nitrogen lost from the system.
At this stage, it is important to discuss the mechanism accounting
for these large losses of applied ammonium N and soil nitrogen in a
waterlogged soil system. The losses are apparently too great to be accounted for by direct volatilization or fixation into clay lattices under
these experimental conditions. Furthermore, the comparison between
waterlogged and optimum moisture treatments invariably suggests that
the loss of nitrogen in soil is due solely to waterlogging. This leads to the
strong possibility of nitrogen loss through a special process prevailing in
waterlogged soils in which ammonium N is oxidized to nitrate N in the
surface oxidized layer of soil. The nitrate thus produced is lost upon
entry into the underlying reduced layer through denitrification to nitrogen gas (X2) and nitrous oxide (N2O). The magnitude of this nitrogen
loss through denitrification in such a system will be dependent on the
concentration of ammonium in or near the surface oxidized layer, the
depth of the surface oxidized layer, and the movement or diffusion of
nitrate into the underlying reduced layer. High concentrations of
ammonium applied in the form of fertilizer or produced during the
mineralization of organic nitrogen in the surface oxidized layer would,
therefore, cause pronounced nitrogen loss through the nitrification of
ammonium in a waterlogged soil system of the kind employed in this
experiment. Figure 11 indicates that about 75 percent of the applied
57

nitrogen was present within 1.5 cm of the surface layer and was, therefore,
exposed to the process of nitrogen loss. These losses could be minimized
by deep placement of the added ammonium in the reduced layer or by
treating the soil with a nitrification inhibitor.
To further illustrate that the nitrogen loss in a waterlogged soil
system did occur through the proposed mechanism of nitrification and

Figure

12.

—Changes in

total nitrogen

tions in soils receiving 100

under waterlogged and optimum moisture condinitrogen and varying amounts of carbon

ppm ammonium

as rice straw.
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subsequent denitrification, the data on nitrogen loss under different
aeration and moisture conditions may be considered in Figure 13. Negligible or no nitrogen loss from applied (i^NH4)2S04 under completely anaerobic conditions (air replaced with argon), maintained either
under waterlogged or at optimum moisture conditions, compared with
43 per cent nitrogen loss in a corresponding waterlogged system (air not
replaced with argon) emphasizes the strong influence of the surface
oxidized layer on nitrogen loss in the latter system. Likewise, no nitrogen was lost in a completely aerobic system (optimum moisture). This
indicates that the establishment of permanent layers of oxidized soil
and reduced soil, as in a waterlogged soil system, is necessary for nitrogen
loss to occur from ammonium applied in the form of fertilizer or
produced through mineralization of organic nitrogen.
The significant conclusions from this study may be summarized as
follows: (1) Severe losses of ammonium nitrogen, either applied in the
form of fertilizer or mineralized during the decomposition of organic
matter, occurred as a result of waterlogging; (2) about 85 percent
of the total loss from the applied nitrogen occurred during the first
two months of incubation; (3) the losses were more pronounced in the
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absence of added straw than in its presence; (4) the nitrogen loss from
applied ammonium was proportional to the amount of ammonium
present at any one time except for the initial 15-day period, when
immobilization was dominant; (5) although the addition of straw
considerably reduced the amount of nitrogen loss from the waterlogged
soil system, the amount of plant available nitrogen (extractable ammonium + nitrate) left in the inorganic pool was about the same under all
combinations of added carbon and nitrogen; (6) negligible or no nitrogen loss occurred from applied (i5NH4)2S04 under completely

anaerobic or aerobic conditions; (7) the process of nitrification and
subsequent denitrification apparently accounted for large losses of
applied and soil nitrogen under waterlogged conditions.
results refer to a
It should be stressed, however, that the present
system incubated
soil
100-gram
to
a
confined
system
waterlogged
restricted
under laboratory conditions. Therefore, conclusions cannot safely be
drawn on the magnitude of nitrogen loss that would be encountered
under field conditions. It will be expected that under field conditions the
loss from ammonium nitrogen may be reduced considerably due to
continuous ammonium uptake by the rice plant, thereby leaving relatively lower amounts of ammonium available for the process of nitrogen
rhizosphere
loss. On the other hand, it is also possible that the oxidized
roots

of rice

denitrification.

accelerate the process of nitrification and
generally accepted that nitrogen, regardless of the
efficiently utilized by rice than by other grain crops,

may even
It

is

form applied, is less
presumably as a result of a greater loss of nitrogen from the flooded
rice soil. Further studies are needed to understand the impact of the
growing rice plant on the magnitude of nitrogen loss in a waterlogged
soil system.

of

Losses

E.

Nitrogen

Under

Alternate

Submergence

and

Drying Conditions
experiment representing the changes in nitrogen
of each submergence-drying half cycle are
illustrated in Figures 14 and 15. Changes in labelled inorganic nitrogen
at the end of each complete cycle are shown in Figure 15. Total
nitrogen losses as well as losses from applied nitrogen, over a submergence and drying incubation period of four months, are summarized in
Table 4. Submergence and drying of the soil samples resulted in a

The

results of this

measured

at

the

end

tremendous loss of total and applied nitrogen regardless of the number
of cycles the soil underwent. About 158 ppm and 135 ppm nitrogen,
accounting for 16.6 percent and 14.3 percent of the total nitrogen, was
cycle
lost respectively from 30-day and 40-day submergence and drying
treatment
30-day
the
under
nitrogen
of
treatments. Slightly higher losses
during the same incubation period may have been due to the one addicycle. Another important feature of this
nitrogen was lost from the soil as a result of
submergence and drying than was actually mineralized in a correspond-

tional
loss

is

submergence and drying
that

much more
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TABLE

4.

—Changes in

total

and labelled nitrogen under alternate submergence and
drying conditions

Nitrogen

Form

ppm
Percent

loss

loss

43.4

56.6

56.6

955.4

796.8

158.6

16.6

100.0

46.8

53.2

53.2

809.8

135.6

14.3

Submergence
and

Labelled
inorganic

100.0

drying,

N

of

-

Net

nitrogen

At beginning
of experiment

Treatment

At end of
experiment

30-day cycle

Total

N
Submergence
and

Labelled
inorganic

drying,

N

40-day cycle

Total

945.4

,

N

ing treatment under continuous optimum moisture conditions. Since the
most probable pathway of nitrogen loss involves the formation of nitrate

and

its

can be inferred that more mineralunder alternate waterlogged and
a continuously aerated soil. The effect of
drying on the increased mineralization of
been indicated by Russell and Hatchinson
and subsequently confirmed by Harada

subsequent denitrification,

it

ization of organic nitrogen occurred

drying conditions than in
alternate

submergence and

organic nitrogen had long
(1913), and Mitsui (1954)

(1959, 1968), and Patrick and Wyatt (1964).
Of the 100 ppm applied ammonium

N, about 43 to 47 percent
was immobilized and the remaining 53 to 57 percent was lost, so that,
towards the end of the incubation period, practically no labelled nitrogen
was detected in the inorganic nitrogen pool. This indicates that inorganic
nitrogen is highly unstable under moisture fluctuations of the type
described.

A

examination of Figures 14 and 15 clearly shows that most of
first two submergence and drying cycles.
From the quantitative evaluation of Figure 13 it was estimated that
about 81 to 87 percent of the total nitrogen loss occurred during the
first two submergence and drying cycles, with a much smaller loss occurring during the subsequent cycles. The percentage loss during the first
two cycles was relatively higher under the 40-day cycle treatment (87
percent) than under the 30-day cycle (81 percent). This may be due
to the longer duration of each drying and submergence half cycle,
resulting in more nitrate formation and hence more subsequent denitriclose

these losses occurred during the

fication. Similarly, the interpretation of data in Figure 15 indicates that
92 to 99 percent of the total loss from the applied nitrogen occurred

during the

These

first

two cycles.
with a tracer technique confirm,

results
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in general, the earlier
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—Changes

\
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in labelled nitrogen under alternate submergence

conditions.
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and drying

work of Patrick and Wyatt
losses of total

(1964),

who

nitrogen occur during the

likewise

showed that

large

two cycles of submergence
study clearly demonstrate the

first

results of this
highly unstable nature of the inorganic nitrogen pool, and particularly

and drying. In addition, the

that of applied ammonium N, under alternate submergence and drying
left after the initial
conditions. Out of 45 percent of ammonium
immobilization, only trace amounts (1 to 3 percent) were detected in

N

the inorganic pool at the end of the incubation. Further, interpretation
of the ^^N data (Figure 14) clearly demonstrates the role of added rice
straw in conserving the added ammonium N against losses from moisture

As indicated earlier, about 43 percent of applied nitrogen
was immobilized into the organic phase, and apparently little of this
immobilized fraction was remineralized during the four-month incubation period. It is possible that in the absence of added rice straw
most of this immobilized nitrogen would otherwise have been lost due
to the submergence and drying treatment. Finally, the data indicate that
increasing the number of submergence and drying cycles within the
same incubation period might increase the loss of total nitrogen.

fluctuations.

SUMMARY AND CONCLUSIONS
Tracer studies on nitrogen transformations were made in Crowley
silt loam incubated under laboratory conditions for a period of four
months. Ammonium sulfate enriched with ^^N was used as a tracer to
the fate of applied nitrogen in waterlogged, optimum
moisture, and anaerobic (air replaced with argon) soil systems. Studies
were also made on the mineralization of organic nitrogen under waterlogged and optimum moisture conditions. Tracer investigations were
investigate

mainly concerned with the immobilization-mineralization relationship,
remineralization of immobilized labelled nitrogen, absolute nitrogen

and distribution of applied nitrogen into different
Nitrogen losses from applied (i5NH4)2S04 and
native soil nitrogen were measured in a waterlogged soil system and
under successive cycles of submergence and drying.
The data on the mineralization rates of organic nitrogen at various
C:N ratios ^(15:1, 21:1, 35:1, and 92:1) of added plant material indicated
that the inorganic nitrogen accumulated at a higher rate under waterlogged than under optimum moisture conditions^ The difference between the two moisture regimes was more pronounced at the higher C:N
ratios (21:1, 35:1) than at a lower C:N ratio (15:1), and persisted for
about two months of incubation. This was followed by a gradual decline
in ammonium accumulation under waterlogged conditions in contrast
with a rapid increase in inorganic nitrogen under optimum moisture
conditions. The initial rapid increase and subsequent decrease in ammonium accumulation under waterlogged conditions as compared with
optimum moisture conditions were attributed to the low nitrogen returnover
chemical

rates,

fractions.
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j

quirements of anaerobic metabolism and to subsequent nitrogen

loss,

respectively.

Tracer studies on the immobilization and mineralization relationship at various levels of added straw revealed that, regardless of the
moisture regime and aeration treatment, the rate of net immobilization
increased progressively as the

amount

of added straw increased. Further,

the tracer data indicated that while net immobilization proceeded

much

more rapidly under aerobic (optimum moisture) than under anaerobic
conditions, net mineralization tended to dominate under anaerobic

A precise estimate of the net mineralization of organic
nitrogen under waterlogged conditions was seriously impaired by large

conditions.

applied and native nitrogen under these conditions. However,
on organic nitrogen did indicate that net mineralization values
for the waterlogged system were of about the same magnitude as those
under optimum moisture conditions, or slightly less.
losses of

the data

Remineralization of immobilized labelled nitrogen was, in general,
The rate, however, was most significant under optimum
moisture and least pronounced under anaerobic conditions. The waterlogged treatment was intermediate between the two. The differences in
the rate and magnitude of remineralization under optimum moisture
and waterlogged conditions widened as the ratio between added carbon
and nitrogen increased.
Absolute nitrogen turnover rates under optimum moisture and
anaerobic conditions were calculated from the equations of Kirkham and
Bartholomew (1955). Mineralization dominated in the non-straw treatment, but immobilization was far from negligible, indicating that the
two opposing processes were proceeding simultaneously. Additions of
straw stimulated immobilization to about 3 to 6 times that of the nonstraw treatment. Anaerobic mineralization proceeded at a higher rate
and was about 2 times that of aerobic mineralization, while, on the
other hand, the immobilization was comparatively higher under aerobic
conditions. In conclusion, the equations did give a general picture of
the absolute nitrogen turnover rates but were not necessarily in strict
conformance with the biological events taking place in the system.
The distribution of applied nitrogen into different chemical fractions
of soil nitrogen indicated that the amino acid N, hydrolyzed ammonium
N, and amino sugar N were the most important organic nitrogen
fractions in terms of nitrogen immobilization. Together these three
fractions contained about 90 percent of the immobilized labelled nitrogen under all conditions of aeration and moisture (waterlogged, optimum
moisture, anaerobic). About 2 to 3 times as much added nitrogen entered
the amino acid fraction as entered the other organic fractions. Only
small amounts of the labelled N moved into the humin N fraction.
Addition of straw increased the immobilization of labelled nitrogen
into organic fractions but did not alter the relative distribution of
immobilized nitrogen within the different fractions of the organic pool.
Large amounts of applied nitrogen were lost under waterlogged condia slow process.
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tions in contrast with practically no loss under optimum moisture and
anaerobic conditions. Consequently, at the end of the incubation period
only small amounts of the applied nitrogen were detected in the inorganic
pool under waterlogged conditions as compared with the large amounts
present under optimum moisture and anaerobic conditions.
Severe losses (80 to 100 ppm) of ammonium N, either applied in

the form of fertilizer at the soil-water interface or mineralized during the
decomposition of organic matter, occurred as a result of waterlogging.
About 85 percent of the total loss from the applied nitrogen occurred
during the first two months of incubation. The losses were more pronounced in the absence of added straw than in its presence. At the end
of the four-month incubation period about 68 percent of the applied
nitrogen was lost in the non-straw treatment as compared with about
43 percent in the presence of added straw (2500 ppm C). However,

amounts of available nitrogen (ammonium + nitrate) left in the
inorganic pool were about the same under all levels of added carbon,
indicating that the reduction in nitrogen loss by added straw resulted
the

from the immobilization of inorganic nitrogen into the organic phase.
On the contrary, little or no nitrogen loss was observed under the
anaerobic and optimum moisture conditions. Nitrogen loss under waterlogged conditions was very likely caused by nitrification of ammonium
to nitrate at the surface oxidized layer and subsequent diffusion and
denitrification of nitrate in the underlying reduced zone.
Large losses (14 to 16 percent) of the total soil nitrogen occurred
under successive cycles of submergence and dry ing, and well above 80
percent of the total loss occurred during the first two submergence and
drying cycles. Tracer data revealed that applied ammonium nitrogen
unstable under these conditions, so that only a trace
amount of the applied nitrogen was detected at the end of the fourmonth incubation. More frequent moisture fluctuations within the
same incubation period increased the loss of native soil nitrogen but did
not appreciably affect the loss of applied X. Much more nitrogen was

was highly

from the soil as a result of submergence and drying than was actually
mineralized as ammonium + nitrate under the corresponding optimum
moisture conditions, indicating greater mineralization of soil organic
nitrogen under submergence and drying than under optimum moisture
lost

conditions.
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